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An Assessment of Gaseous Production From Beaver Lake Sediments
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Gas samples were collected once a day from May 11% - May 14®, again working from an inner
tube to minimize sediment disturbance. Gases were extracted from the units using a 30 or 60ml
syringe and placed into labeled gas sample bags. Following gas extraction, sediments under
Units 2 and 4 were again agitated to a depth of approximately 0.2m, while sediments under
Unit’s 1 and 3 were left undisturbed.

Water quality parameters (dissolved oxygen, temperature and pH) were measured inside each
sampling unit on the first and last day of sampling using the Horiba Water Checker.

All gas samples were stored in the Capilano College Laboratory until May 14% when sample
analysis was conducted.

3.3 SAMPLE ANALYSIS:

3.3.1 Methane Analysis

Each gas sample was analyzed for methane content using a Varian 1700 gas chromatograph
(GC) with a 15m DB-5 megabore column (0.53mm inside diameter) and nitrogen carrier gas.
The detector used was a flame ionization detector for hydrocarbons. The GC was calibrated for
methane using standard concentrations of methane of 100% (1cc methane), 50% (0.5cc methane
+0.5¢cc air), 25% (0.25¢cc methane + 0.75¢c air), 10% (0.1cc methane + 0.9¢cc air) and 5%

- (0.05cc methane + 0.95cc air). Standard concentrations were run repeatedly to get a reliable

average response (measured by peak height on the recorder). A calibration curve was derived
from the response units ( height of peak x attenuation setting) of these standards. Each of the
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Executive Summary

The Beaver Creek watershed is located within Stanley Park, Vancouver, B.C. The
watershed has been and continues to be subject to human-induced stresses and influences.
Two of these major influences are the roads and trails running through the park, and the
GVRD water which currently supplies the majority of the water entering the basin.

Concern has grown over the past 15 years over the build-up of sediment and the
overall shrinking of Beaver Lake, a 3.8ha body of fresh water in the basin. An introduced
species of water lily (Nymphaea odorata) has been thought to be causing rapid
sedimentation of organic material. The Beaver Lake Environmental Enhancement
Project, a community group formed out of concern for the watershed, is faced with the
task of evaluating management options for the basin.

The research group evaluated several properties of the basin, including lake-bed
sediments, hydrology and ecology. A significant inorganic sediment source was found,
with inorganic material making up 60% of some samples. This indicates that inorganic
material contributes significantly to sedimentation occurring within the lake.
Sedimentation rates were determined through analysis of sediment cores for metals and
subsequent correlation to radiometrically-dated results from Burnaby Lake. Specifically,
zinc was used to estimate a sedimentation rate which is much slower than previous
estimates.

A predictive hydrological computer model was also constructed. This model was
recession-based and designed to take into account the effects of evaporation on stream
discharge. The model was used to evaluate the impact of the city water supply on the
system. Lake and creek water levels dropped drastically with the elimination of the city
water, but winter precipitation amounts were sufficient to keep a substantial amount of
water flowing through the lake and creek. A literature review of the basin’s ecology was
compiled to evaluate interactions occurring between the various components of the
system.

Research results were integrated together with a set of values to form a set of

recommendations for the management of the watershed.
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1.  Introduction

Water - our planet is covered in it and it sustains us. We drink it, we play in it; it
governs our economy and our lifestyle. It has been woven into our cultures through
stories, music and rituals. Issues surrounding water resources continue to spark debates
across the globe: who has too little, who has too much, can it be bought, and does it
respect the boundaries we have drawn around it? Increasingly, humans have begun to
study the impact we have on our watershed systems. We have in many cases increased
pollutant loadings, changed the hydrological regime through development, and altered the
ecological state of these systems. We now face the challenge of existing within our
watersheds while limiting our impacts on these systems.

Urban watersheds are a subject of much debate not only because they are often
subject to huge human-induced stresses, but also because they exist under the eyes of a
watchful public. This public may have various interests in the watershed and has the
power to influence the state of the system as well as decisions made with regard to the
watershed. Some view watershed management from a purely scientific point of view
while others see it as a process of achieving social change (Heathcoate, 1998). In any
case, humans play a large role in urban watershed systems.

The Beaver Creek watershed presents an interesting study of an urban watershed.
It is a small watershed located within Stanley Park, Vancouver, British Columbia (see
Figure 1-1). Within the watershed is Beaver Lake one of the very few freshwater lakes in
the Vancouver area. As such, the lake and thus the entire watershed are used extensively
by those who visit Stanley Park year round and find a quiet place away from the bustle of
the city. The area presents the challenge of a watershed existing under extensive and in

some cases intensive human impact.
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The issues surrounding the Beaver Crek watershed are related to concerns over
projected high sedimentation rates in Beaver Lake and can be summarized as follows:the
disappearance of Beaver Lake itself due to infilling and therefore the loss of this resource
for recreational and aesthetic purposes
e historic attachments to Beaver Lake as a lake ecosystem
o the desire to preserve this lake ecosystem as one of the few in Vancouver
¢ the desire to undo past human impacts on the lake
e loss of the bog ecosystem surrounding Beaver Lake due to infilling of the lake
e extinction of fish populations within the basin due to infilling of Beaver Lake
¢ the use of the Beaver Creek watershed as an educational resource
e preservation of the area as a place apart from the urban landscape

The Beaver Lake Environmental Enhancement Project (BLEEP) is a group of
people concerned about the future of the Beaver Creek watershed. The group includes
members of the Vancouver Parks Board, university professors and researchers,
naturalists, members of the Vancouver Stream Society, members of the Stanley Park
Ecological Society, and other concerned community members. The group is currently
evaluating options for the future management of the watershed.

In an effort to understand the Beaver Creek watershed ecosystem, we performed
an analysis on several components of the area. We studied the sediment record of Beaver
Lake to determine sediment type, metal concentrations, and sedimentation rates. The
hydrological regime of the basin was analyzed in an effort to evaluate the flow regime
under various circumstances. A literature review of the biological component of the
ecosystem was completed and used to approximate possible effects of changes in the
watershed on the ecology in the area. Recognizing that these components do not exist
independently of one another, the group analyzed the interactions between the three areas
of study. Upon integration of the results of the study, a series of recommendations were
proposed for the future management of the Beaver Creek watershed with the hope that
this ecosystem will remain a dynamic system, an educational resource, and a respite from

the noise of the city for years to come.
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2. Ecosystem-management: theory and application

When investigating the management problems and options for the Beaver Creek
watershed, we found ourselves approaching the issues in a way concurrent with the
theories of ecosystem management. This relatively new approach is being used more
frequently in the field of watershed management. Faced with the degradation and
destruction of many of our watersheds, most people realize and believe that a new way of
doing things in crucial if we are to begin to manage these areas sustainably. Increasingly,
planners, ecologists and the public view “ecosystem management” as the management
tool of the future. Here, we present of an overview of this approach as well as some of
the questions surrounding this method of management.

While there is no consensus on a single definition for ecosystem management,
there does appear to be agreement on some main themes behind the idea. R.Edward
Grumbine has provided two very useful references with his essays entitled "What is
Ecosystem Management? (1994)" and "Reflections on "What is Ecosystem Management?
(1997)”. These compile and summarise what various authors have written on the
concept. The major themes deal both with physical/biological parameters as well as with
the general way in which we think about managing systems.

First, “ecological integrity” is the most crucial concept to consider. Maintaining
ecological integrity is commonly thought to mean maintaining viable populations of
native species, representation of ecosystem types across their natural range of variation,
maintenance of ecological processes, management of ecosystems over the long term, and
accommodating human use within the above constraints (Grumbine, 1997). Some
believe this idea needs to be broadened to include not only the range of natural variability,
but also the landscape-scale pattern of occurrence of extreme conditions and recovery
from stressed states (Frissell and Bayles, 1996). We must also recognize the influences
that cause subtle but long-term, cumulative effects on the system. The second physical
parameter is that of ecosystem boundaries. Boundaries of ecosystems must be defined

according to natural features in the landscape, such as watersheds, rather than arbitrary

11



i

political boundaries. Third, ecosystem management places humans within the

functioning ecosystem and their role within the system must therefore be defined.

L

In order to manage an area with these physical/ biological parameters in mind,

there must be a shift in thinking. Ecosystem management requires multi-dimensional

thinking, using various scales of evaluation at one time. While science clearly plays an

important role in ecosystem management, ideological, philosophical, and political

|
-

perspectives frequently override scientific facts. “Facts gain their meaning through the
lens of theory and world views (C.E. Warren cited in Frissell and Bayles, 1996).”

The importance placed on each of these themes is usually where divisions occur.
Stanley (1995), for example, sees two major groups involved in the debate. The one
advocates a biocentric approach in which ecosystem integrity is considered paramount,

with human uses of resources fitting in where the ecosystem can support it. The second

group typically takes on a more anthropocentric view in which the interests of humans

end up being paramount over ecological integrity. There are, however, a range of views

in this argument. Some, such as Grumbine, believe that ecosystem integrity and human

.

uses must be evenly balanced. He believes that this argument is “an artifact of narrow

%

problem definition, lack of contextual thinking, and our propensity to separate ourselves
from nature” and insists that ecological integrity is required to sustain human interests.
Here is a “working definition” offered by Grumbine: “Ecosystem management integrates
scientific knowledge of ecological relationships within a complex sociopolitical and

values framework toward the general goal of protecting native ecosystem integrity over

the long term.”

e

One interesting aspect of ecosystem management and management in general is
the idea often put forward that it is necessary to undo past human impacts. Often, we

seem to believe that we can undo past human impacts by further altering and

aa

B

manipulating the current system. Frissell and Bayles (1996) argue that such alterations

should occur only when the goal is “...the reversal of artificial legacies to allow

restoration of natural, self-sustaining ecosystem processes.” We attempt to follow these

guidelines when making recommendations of the management of Beaver Lake.
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There is, and always has been, heated debate over how best to implement
ecosystem management. It is inextricably tied to how the term is defined, but it seems
that only through actually attempting to implement it can the definition be made clearer.
This paradox led Brunner and Clark (1997) to recommend the adaptive approach to
implementation over what they see as the two other main approaches: clearer goals and
better scientific foundation. The adaptive approach to ecosystem management
recommends using ecosystem-scale experiments to learn and gradually change our
approach over time. Of course, others disagree. Many insist that there need to be
fundamental changes in values and institutional structures before EM can even come
close to being successfully implemented.

In a more general sense, some question our expectations and hoopla surrounding
ecosystem management. They feel it is necessary to approach new management strategies
with much greater humility. We are often in such a rush to improve, fix, and re-do past
management mistakes, that we end up making new mistakes. We must recognize our past
failures and realize that humans are not in control of the system, though we often believe
we are. We cannot, though we may base our conclusions on the strongest scientific
evidence, foresee all outcomes and plot out the path that nature will take. Instead of
looking forward to predict the outcomes of management options, we choose to focus on
investigating the history of the watershed as much as possible in order to determine the
basic ecosystem processes. We feel that the conservation of these processes is the top

priority since they will let the system evolve as “naturally” as possible.
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3. History of the Beaver Creek watershed

3.1. 1850 - 1996

The Beaver Creek watershed has been subject to various pressures imposed by
humans, including logging, trail building, road building, and recreational use. However,
considering its location in the middle of a metropolitan area, the watershed has undergone
a relatively small amount of change. In 1850, the area now covered by Stanley Park was
a mature coniferous coastal forest. Beginning in the 1860s and continuing through to the
1880s, most areas in the region were selectively logged (Beese 1989). The land between
Beaver Lake and Lost Lagoon was the only area clearcut and burned (/bid.). Following
these alterations, the land was used as a military reserve and then converted into a park in
1888 (Steele 1988). Over the next 40 years, the Vancouver Board of Parks and
Recreation attracted large numbers of people to the park for recreational purposes,
including winter-time skating on Beaver Lake which attracted thousands (/bid.). The trail
around the perimeter of the lake opened up the area to visitors year-round in 1911 (Steele
1985). When cars first appeared in Vancouver, they were banned from Stanley Park for
eight vears. However, cars were later introduced to the park and by 1938 the Stanley Park
causeway was completed, bisecting the park as well as the Beaver Creek watershed
(Steele 1988).

At a similar time that cars began entering the park, various changes were
occurring inside the watershed. A reservoir was installed in the late 1800’s to supply
Vancouver with water in case the waterline going to the North shore was damaged. Itis
believed that this reservoir was subsequently removed around 1910-1920 when the water
mainline was brought over from the North Shore through a subsurface tunnel (Mike
Boss, personal communication). This mainline now runs along Pipeline Road (Ibid.). To
enhance recreational opportunity, the Parks Board built a fish hatchery on Prospect Creek
(a tributary to Beaver Lake) in 1916 which provided a supply of salmon and trout into the
lake (Steele 1985). Daily fish permits were sold allowing people to bring home as many

fish as they could catch (Steele 1985). In order to maintain cool enough temperatures and
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high enough oxygen levels in the lake to support fish, the Parks Board decided to input a
steady stream of city water into the lake. This practice has continued to date. Because
the lake was infilling naturally and was at a depth of only 1.2 meters in 1911 (Steele
1985), the Parks Board made two attempts to slow this process down. In 1918, all dead
trees and edge debris were removed, then in 1929, the lake bottom was dredged (Stanley
Park Task Force 1992). Water lilies were introduced in 1936 to commemorate the city of
Vancouver's 50th anniversary (Schaefer and Chen 1988). Since this time the lilies have
spread throughout the lake and nearly cover the entire lake surface in the summer. Other
changes which have directly affected the lake are the building of the Beaver Lake trail
and the concrete weir at the lake's outflow into Beaver Creek. Both of which were
probably build in 1911. With the accumulation of all of these impacts on the lake, it is
now difficult to determine what its natural condition was.

Although a management plan for Beaver Creek watershed has yet to be developed,
a few plans have been developed for Stanley Park as a whole. Between the 1930s and
1980, there was a 25 per cent reduction in total forested land due to plans which called for
the removal of old, dead and diseased trees, as well as plans for increased recreation
(Beese 1989). In the 1940s a planting program was implemented to fill in logged areas
with Douglas fir trees (Ibid.). An attempt to devise a comprehensive forest management
plan for Stanley Park was made in 1980. However, due to budget limits, the plan was
never fully implemented. A second attempt was made in 1984 by William Beese, a
MacMillan Bloedel employee. The goal of this plan was to return the forest in Stanley
Park as close as possible to the native coastal forest (Ibid.). The implementation of this
10-year plan began in 1989 with the removal of various deciduous trees and bushes in
certain areas of the park. For example, 50 per cent of the alder trees in the region south of
Beaver Lake were removed and conifers were planted, leaving a five meter buffer zone
along the trail (Beese 1989b). However, park users reacted negatively to the cutting of
trees and the implementation of the plan was stopped in 1991 (Stanley Park Task Force
1992).

Following this negative public reaction, the Parks Board decided to implement the

Stanley Park Task Force to identify the community's values and priorities concerning
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Stanley Park for long-term planning purposes (Ibid.). As a part of the report, a small
section was dedicated to the management of Beaver Lake, however there was no public
input gathered about this matter. The report outlined three potential directions for the
plan. First, the lake could be left to natural succession into a meadow. Second, Beaver
Lake could be preserved through dredging and removal of water lilies with machinery.
Or, third, the lake could be preserved by enclosing the region for two years and
introducing two moose. These moose could eat up the water lilies and, through swim
patterns, naturally dredge the lake. The third option was the one preferred by the Task
Force due to its low cost, possibilities as an interpretive resource, and its natural solution.
Earlier, in 1984, Hatfield Consultants had prepared a Beaver Lake-Creek Enhancement
Study in which dredging the lake was the recommended action to enhance the interpretive
value of the watershed (Hatfield 1984). The future of the watershed has yet to be
determined, however, a community group has formed with the intention finding an

appropriate management plan.

3.2. The BLEEP years

In 1996, a new body was formed called the Beaver Lake Environmental
Enhancement Project (BLEEP). Although Parks Board staff undertook the lead role as
facilitators of the new group. BLEEP, is a collaborative effort, and includes various
community members. Since Beaver Lake is part of the Parks Board region, all
recommendations and plans developed by BLEEP must be approved by the Parks Board
before any action is taken.

Initially BLEEP was created for the purpose of reversing the human impact and
restoring Beaver Lake to a condition similar to what it was. Mike Macintosh, the Stanley
Park Wildlife Manager and one of the original facilitators of BLEEP, stated clearly his
feelings about the future direction of Beaver Lake. "All ponds eventually fill in and revert
to forest. But the lilies have accelerated that, and what we'd like to do is reverse the
process, and get back to the point where we'd have a run of salmon into the lake again."

(McMartin).
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Since this original purpose, however, BLEEP has defined its mission and goals in
a much broader context. BLEEP's focus has broadened beyond restoration of the lake to
include interpretive programs. This is evident in the mission statement prepared:

e To create a primary wetlands interpretive area at Beaver Lake, supporting a vibrant
diversity of naturally occurring species.

¢ To maximize the interpretive quality of the Beaver Lake aquatic and terrestrial
environment while ensuring the protection of natural systems.

BLEEP (1996) also prepared five goals which allow them to accomplish this
mission. The five goals are presented here with a brief discussion of how the group plans
to attain each of those goals.

Goal #1 - To advocate the protection and conservation of Beaver Lake.

BLEEP has made a commitment to affirming a management and interpretive plan for the
Beaver Lake area in order to attain this goal. Furthermore, they are initiating biological
studies, and establishing a fund to pay for changes required resulting from the studies.
Goal #2 - To work cooperatively with other agencies and groups to achieve our mission.
Partnerships have been developed on the foundation of consensus-based decision-making.
Encouragement of interested parties to participate is ongoing. The Parks Board staff will
act as project facilitators.

Goal #3 - To maintain and/or increase the present diversity of native species.

Studies, plans and actions will focus on enhancing existing habitat and developing new
habitat to increase biological opportunity. The main method of developing new habitat
will be through partial dredging of the lake. Furthermore, defined standards for
monitoring and analyzing the environmental will be developed.

Goal #4 - To encourage responsible community based Stewartship of Beaver Lake.

The main ways this goal will be achieved are through: public relations, development of
funding partnerships, and encouragement of studies from all levels of expertise. There
will be an emphasis on direct action from any community group to enhance Stewartship.
Goal #5 - To develop a comprehensive interpretive program for Beaver Lake.

This goal will be met through a variety of possible measures, including brochures for a

self-guided tour series, unobtrusive signage, special events and multidisciplinary
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activities. Also, an awareness program will be developed about the negative impacts of

introduced species.

Since BLEEP is a voluntary community group, it is limited in resources such as

funding and time in accomplishing these all-encompassing goals. Over the past two years

since the group has formed, the following has been accomplished by/through the society
placement of colonial bat houses, screech owl enhancement, squirrel demographic study
water quality study, bathymetric analysis, revitalization of Beaver Creek, bog study. and
various studies involving human impacts on the lake through Capilano College. One of

their major accomplishments was the organization of the Beaver Lake festival, which

took place in June of 1997.

b
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4, Site description

The Beaver Creek watershed has an area of approximately 112Ha (Coastal River
Environmental Services 1995) and is mostly coniferous forest. The Beaver Creek
watershed can be defined as the area from which precipitation is collected to eventually
flow out the mouth of Beaver Creek. For our purposes, the most notable features of this
watershed are Beaver Lake and its associated streams, Prospect and Beaver Creek. As
can be seen in Figure 4-1, Prospect Creek flows southeast from Prospect Point to Beaver
Lake, and Beaver Creek flows northeast into the First Narrows. The watershed has a
maximum elevation of 70 meters (230 ft) and faces north. The geological history, soils,

hydrology and ecology of the basin are all important features of this site.

4.1. Geological history

Ten thousand years ago the last of the continental ice sheets retreated from the
area that is now Stanley Park, leaving behind the land surface which now forms the
Beaver Creek watershed. Features such as the Beaver Lake basin were left on the newly
formed surface by these glaciers. Due to the immense weight of the glaciers, the Stanley
Park area was underwater following the end of the ice age. Subsequent isostatic rebound

has lifted the park up out of the ocean (Schaefer and Chen 1988).

4.2. Soils

As a result of glaciation, much of the watershed was left with a blanket of glacial
till which is now hidden beneath the soils and dense vegetation of the coastal forest. A
small portion of this till is visible in the cut banks of Beaver Creek. The creek is incised
into the glacial till about 3m in the lower reaches. During the time the watershed was
underwater, a glaciomarine drift was deposited on top of the glacial till. As a result, the
bottom of Beaver Lake is lined with these deposits, which act as a seal for the lake basin.
The glaciomarine drift and the glacial till are the primary parent materials for the Ferric

and Humic Podzol soils seen in the watershed today (Talisman 1995a). These soils help
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determine the hydrological properties of the watershed as well as ihe vegetation

characteristics.
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Figure 4-1 Map of the hydrelogy and creeks of the Beaver Creek watershed'
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" (modified from Talisman 19952, figure 3)
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4.3. Hydrology

The hydrology of the Beaver Creek watershed is largely influenced by the
weather patterns of Vancouver. The winters are typically wet with infrequent snowfall.
The summers are much drier with only a few large rain events in July and August. The
natural water source for the Beaver Creek system is subsurface seepage from the
watershed terrain, and the inflow of Prospect Creek. Although the channel has been
lengthened by park managers, Prospect Creek appears to be the only developed natural
channel which feeds Beaver Lake. The extension of Prospect Creek is a result of water
flow from the reservoir which used to be located at Prospect Point.

The current water flow has been altered from its historical patterns in a number of
other ways as well. A brief description is given here, for a more detailed description see
Section 4. The flow of Prospect creek is augmented by the city water supply which pours
approximately 0.1 84m>/s (Wu et al. 1999) of chlorinated water into what has become the
headwaters of Prospect Creek (Talisman 1995a). Seepage from a fire-hydrant, near the
aforementioned pipe also supplies artificial water to the system. On the same side of the
causeway, but a bit farther south, a drinking fountain supplies additional water to the soil.
This water is eventually incorporated into subsurface flow. The last notable
anthropogenic water source is Railway creek which has developed from water flowing

out of a two inch pipe into a culvert which runs under Pipeline Road. See Figure 4-1 for

the location of these creeks..

4.4. Ecology

The ecology of the Beaver Creek watershed incorporates complex and interrelated
biological factors. These factors interact with each other, the hydrology and geology of
the watershed, as well as the ecology of the surrounding park areas. Numerous plant and
wildlife species occupy both the terrestrial and freshwater habitats of the watershed,
despite the constant human disturbance which is a consequence of being an urban park.

The primary terrestrial habitats are the coniferous forests typical of the Drier
Maritime Coastal Western Hemlock subzone (Nuszdorfer et al. 1985, cited in Talisman
1995b). The stands are dominated by western hemlock (Tsuga heterophylla), Douglas-fir

(Pseudotsuga menziesii) and western red cedar (Thuja plicata). Western Hemlock is the
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expected climax species, but in many areas disturbances have resulted in sub-climax
communities dominated by Douglas-fir. One of these areas is in the southwestern portion
of the watershed, which was logged and burned in the 1880s (Beese 1989). Other areas in
the watershed have been selectively logged. As discussed in Robertson and Bekhuys
(1995), these coniferous forests help provide habitat for such creatures as coyotes,
raccoons, skunks, small mammals such as bats, squirrels and mice, as well as numerous
forest birds.

Deciduous stands of bigleaf maple (Acer macrophyllum) and red alder (Alnus
rubra) can also be found scattered throughout the watershed (Schaefer and Chen 1988).
Robertson and Bekhuys (1995) show two fairly large deciduous habitat areas in the
watershed. These deciduous stands provide habitat for many of the same species as in the
coniferous stands, and they may also attract species which are specific to deciduous
forests. The ring of red alder around Beaver Lake is another significant deciduous area.
The presence of the alders may be due to (and a cause of) the decreasing size of Beaver
Lake. The intermediate area between Beaver Lake and the alder stands is composed of
species such as yellow iris, salal and skunk cabbage. This area likely provides the best
amphibian habitat to be found in the park. There are also two small areas on the western
edge of Beaver Lake which can be classified as bog systems (Coulson et al 1998).

The aquatic systems of Beaver Lake, Prospect Creek and Beaver Creek provide
aquatic habitats in a mainly forested area. Beaver Lake is the only historically significant
body of freshwater in Stanley Park. As of 1997, the surface area of Beaver Lake was
3.88 Ha with an average depth of 44cm (Stewart 1997). This area is much smaller than
the 6.7 Ha recorded in 1938 (Steele 1985), although the maximum depth of 1.2m appears
to have remained approximately the same. In the summer, up to 80% of the surface area
is covered with aquatic vegetation (Hatfield 1984). These macrophytes, particularly the
introduced water lilies have been viewed as the primary cause of the rather rapid decrease
in the size of the lake. The lake supports many invertebrate species as well as a number
of species of fish, including cutthroat trout, sticklebacks, lampreys and carp.

The creeks are also important fish habitat. Prospect Creek is the less disturbed of

the two, with plenty of riparian vegetation. The fish living in this stream have the added



W

advantage of having access to the lake. Fish in Beaver Creek are prevented from entering
the lake by the weir at the lake outflow. Both streams appear to support cutthroat
populations which are thought to have been introduced by the hatchery and stocking
operations which were carried out in the first half of the century (Steele 1985). Wild
coho salmon are thought to have existed in the stream before the first world war, and may
have been in the stream as late as the early 1980's (Steele 1985, Hatfield 1984). There is

currently enhancement work being done to improve the fish habitat of these two streams,

particularly in Beaver Creek.
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5. Investigation of the hydrology of the watershed

In this section we introduce the hydrological processes operating in the basin.
These processes are of critical importance in regards to the supply of sediment, fish
habitat and vegetation characteristics. We also describe a model designed for the
watershed is described and the results from a number of runs are given. The model has
proven to be useful in forecasting the consequences of removing the water artificially

supplied to the system.

5.1. Hydrological description of the Beaver Creek watershed

The contemporary hydrological regime of the Beaver Creek watershed is
influenced by past geomorphic process, the contemporary climate and vegetation patterns,
as well as human activities in the basin . The Beaver Creek watershed drainage basin is
112 Ha in area (Coast River Environmental Services 1995, p.2-12) and is northeast
facing.

There are four notable creeks in the basin which can be seen on Figure 4-1.
Beaver Creek flows out of Beaver Lake into Burrard Inlet and is about 350 meters long.
Prospect Creek, the longest stream in the basin, flows from near Prospect point into the
West side of Beaver Lake. A seasonally active channel flowing from the west side of the
basin joins Prospect creek just before the lake. Railway creek flows from a culvert near
the miniature railway into Beaver Lake. Railway Creek and Prospect Creek are directly

fed by water coming from the city’s water supply.

5.1.1. Beaver Creek

The presence of fish in Beaver Creek has created a desire for high quality fish
habitat in the creek. Fish habitat is controlled by a few important factors such as the
availability of food, the temperature regime, the quality of the spawning gravel, and the
availability of covered habitat during different flow conditions. These characteristics are
largely influenced by the quality and quantity of gravel in the stream, and the supply of
large woody debris (LWD) to the channel.

24



Beaver Creek in its “natural state” (i.e. without industrial human influence) would
probably dry up during the summer months. Channels of a similar scale and larger are
commonly seasonal and as such do not have surface flow during the summer. For
example, segments of Carnation Creek on Vancouver Island dry up during the summer.
Creeks of this type can support fish populations by having perennially deep pools. Small
amounts of subsurface water flow through the gravel which makes up the steps and riffles
separating the individual pools. In Beaver Creek there are few significant pools which

historically mat have geld water through the year.

5.1.1.1. The importance of gravel in terms of fish habitat.

While the supply of gravel is necessary for productive fish populations an over-
abundance of gravel can destroy fish habitat. New gravel is able to move down the
channel and keep the spawning gravel clean. Excess supply can destroy fish habitat by
causing the stream to aggrade (raise its bed).

At present there is undoubtedly an excess supply of sediment in Beaver Creek.
The input of sediment from the trail along the creek and the weir at the lake outlet
threatens to reduce the pool depths and the possibility of developing other pools along the
channel. Pools are important to fish as places to hold out and wait for food, especially in
high flow conditions. They are also important during low flow conditions in seasonal
creeks because the pools may be the only places containing water.

In addition to causing the channel to become braided ( multiple channels)
(Ashmore 1991, cited in Knighton 1998) the sediment may partially fill in pools as the
stream does not have the capacity to move all of the gravel. During a January field visit a
braided channel form Figure 5-1 was visible in the riffles located just downstream from

the top culvert drop pool.




Figure 5-1  Braided section of Beaver Creek

Medium to coarse gravel can easily transport water through the subsurface and are
ideal for spawning gravel. The sediment directs water away from the surface, and
reduces the apparent flow. In creeks like Carnation Creek this process cools and aerates
the water which flows into the pools holding fish. For Beaver Creek this process would
operate, but would not be effective because the stream is only 300 meters long. There
likely not sufficient time to cool the water coming out of Beaver Lake.

The current supply of sediment in Beaver Creek is not 1deal for fish habitat. The
volume of sediment entering the creek is larger than is needed for effective subsurface
flow, and the sediment is too sandy to be highly effective. The road gravel on the trails
has a high fraction of sand which fills in the interstices in the gravel. This armors the
gravel and prevents water from supplying the eggs with oxygen rich water while
removing toxins.(Mike Church, personal communication)

There is a fine line between too much sediment leading to the aggradation of the
channel, and too little sediment and the degradation of the channel. Both of these
negative impact fish habitat. Beaver Creek in its natural state would likely be sediment

4+

starved as the channel banks would be the only suppliers of sediment. Given the resistant



properties of the till, there would likely be limited bank erosion. The larger clasts which
have fallen out of the till and are evident in the lower reaches of the stream will likely

never move and will continue to supply important diversity to the channel.

5.1.1.2. The importance of stream-side vegetation and
LWD for fish habitat

Stream side vegetation and large woody debris (LWD) are key features in high
quality streams. As part of a stream enhancement project in Beaver Creek vegetation has
been placed along the side of the channel and LWD has been placed in the channel. The
vegetation helps reduce the supply of sediment from the channel banks and supplies cover
to the channel. The LWD helps create pools for the fish.

In many river channels, stream side vegetation is also important as a supplier of
LWD. As this channel is in a park with a developed forest canopy the planting of trees
for future recruitment is not a concern. The characteristic height of the trees is much
greater than the width of the creek valley and as such LWD may be limited in its
effectiveness in the natural state (Nakamura and Swanson 1993). In the natural regime
the over sized logs may eventually break after being suspended above the channel for a
number of years. At this point portions of the logs may be recruited to the channel and
contribute to channel complexity and fish habitat. The ability of LWD to become
incorporated into the channel may be limited in the urban park setting as trail clearing

may remove sources of in channel LWD.

5.1.1.3. The armoring of the Beaver Creek channel

As part of the recent stream enhancement work, rows of large cobbles have been
installed along the stream edge in an attempt to confine the channel. The reason for this
is unclear: the banks of the channel do not appear to be actively eroding in the areas

where these stones were placed, and thus controlling the sediment supply by armoring the

banks appears unnecessary. What is evident is that the stream, with a mean gradient of

1.4%?7, is not powerful enough to move the cobbles which have been put in place. The

? Measured from the 1:5000 “Surface Drainage” topographic map of Talisman (1995).

27




stream is less likely to be able to meander freely and create a pool-riffle form using the
full width of the ravine. It is unclear whether or not there is sufficient room between the
rows of cobbles for these features to develop. If the boulder chains along the banks are
sufficiently resistant to erosion they will limit the ability of the channel to shift laterally
(Hickin and Nanson 1984, cited in Knighton 1998). This will cause the channel to
remain in a straighter form with a reduced chance of developing new pools apart from the
drop pools at major steps along the channel. This critique of the armoring of the channel
should be received in light of the fact that the author did not visit the creek prior to the
‘nitiation of the work and an important reason for the stones may relate to the pre-
restoration state of the stream. Additionally, it should be noted that natural

rearrangement of the cobbles is possible as they become undercut and reworked when

local degradation of the channel occurs.

51.2. Tributary streams of Beaver Lake

The streams that feed Beaver Lake follow the same sediment transport and stream
organization principles as Beaver Creek. However, the flow regime in the current state is
clearly altered from the natural state. Railway creek is entirely artificial; it flows as a
result of road runoff during the winter months, and from piped in water during the
summer months. It is very small, and can only be considered important in terms of a
supply of cool water and possibly a few invertebrates. Prospect Creek clearly is natural in
its origin. However, the current channel may be located in a new position as a result of
the introduction of the causeway and the piped in water supply. Prospect Creek is incised
one to two meters into the surrounding terrain for most of its length, and does not appear
to be actively eroding its banks or to be overloaded with sediment. The lower reaches,
which are fish bearing, are dominated by sand, and consequently do not contain much in
the way of good spawning gravel. The small seasonal tributary to Prospect Creek has not
been investigated; however, it can be considered important in terms of an invertebrate
population and as a channelized source of water. In the tributary creek open channel flow
forms at or just above the causeway during high rainfall events. This stream is by far the

least disturbed, with natural LWD recruitment and without a human-induced supply of

water.
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51.3. Induced channelization of the watershed

In basins with areas less than about 50 km” the time that the water spends moving
through the hill-slope is significantly more important in terms of outflow timing than the
time spent moving through the stream channels (Knighton 1998). For the Beaver Creek
watershed the time the water spends in the soil controls the characteristic response of the
basin to precipitation events. The original drainage network was undoubtedly one with
few channels and thus, the average drop of precipitation had to travel a fair distance to the
available channels before being rushed out to sea. In the present day, a wide variety of
human activities has forced new channels to form and has caused the average travel
distance to the channels to be greatly reduced. This has likely shortened the response
time of the watershed to rain events, both increasing the specific discharge of a given
event and decreasing the duration of individual events. Under natural flow conditions
there would be a decrease in the peak flood and an increase in the period of low flow in
the basin.

The channelization has occurred primarily along the walking trails and along the
roadways. The walking trails compact the underlying soil and lower the hydraulic
conductivity, which interrupts down-slope drainage patterns and can cause the ponding of
water on the uphill side of the trails. This process is known to form wetland areas on the
uphill side of roadways and kill trees and other vegetation (Mike Church, personal
communication). The local raising of the water table would be expected to occur along
the upstream side of the causeway. However, engineering work to create deep (>1m)
drainage ditches along the side of the road have ensured this does not happen. Rather
these ditches act to drain the local soil and move water via channels down through the
basin. An especially long drainage ditch exists at the north end of the causeway and is
able to capture a significant amount of the subsurface flow which would ideally remain in
the soil and slowly percolate downhill. This ditch drains across the causeway and,
combined with direct rainfall runoff from the causeway, has formed a channel on the
downhill side of the causeway. This meets up with Prospect creek shortly downstream.
The remaining two ditches which collect water from the upstream side of the causeway

run through culverts under the road and plunge onto the soils on the downstream side of
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the basin. This water, combined with the direct runoff from the causeway appears to
completely infiltrate into the soil and does not become channelized. Prospect creek also
flows under the causeway and collects additional water from drainage ditches and the
road surface. The soil filters this water in the same manner as artificial wetlands are

designed to do.

5.2. The forest soil

The forest soil is the most important unit in controlling the hydrological response
of the basin. All of the water which runs off in the basin runs off through the soil. The
soil controls the quantity and rate of water flows. The soil floor is of unknown thickness,
but is likely about half a meter thick. The soil in the basin ranges from poorly drained to

well drained and are more fully described by Talisman (1995a).

5.2.1. Artificial wetlands

Members of BLEEP are interested in knowing the potential benefits of using
artificial wetlands to treat road runoff. Artificial wetlands are constructed to an attempt
to make use of the filtering capacity of found in natural wetlands. In this location, the
forest soils already act as a filter for the road runoff as long as the runoff is allowed to
percolate through the soils. With only 2% of the water in the basin coming from the road,
the treatment of water is a much smaller concern in this basin than in other urban basins
(e.g. Burnaby Lake). However, with the extensive number of ditches, trails and roads
throughout the park, the water is drained quickly out of the forest soil. This water and
the water coming off the road should be put back into subsurface flow to increase the
retention time of water in the basin. This is completed at two of the three culverts which
cross the causeway. At the third culvert, the most northern, an artificial wetland could
prove to be useful in re-introducing the water to the soil. The forest soil that already
exists in the region can perform this task without any need for artificially constructed
soils.. . N.D. Lea Consultants Ltd.(1998) have suggested on map R1-377-H355 that the
culvert, which drains the ditch, should be sealed off and the drainage ditch should be
extended to Prospect Creek. This would not change current runoff patterns much, and

would do nothing to increase the retention time of the basin.
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How artificial wetlands would compare to the forested soils for increasing the
retention time of water is unknown. We have not looked in detail at the characteristics of
forested soils compared to wetlands. However, they likely have similar retention
characteristics. The wetlands may perform modestly better as they will likely have no
large pores (macropores). The natural soil floor is good at infiltrating water, and is the

natural infiltrator which should exist in the Beaver Creek watershed.

5.3. The water level of Beaver Lake

The water level of Beaver Lake has been raised. We suspect the lake level was
raised about 20-30 centimeters around 1911°. The weir was constructed with logs and
then subsequently back-filled, creating the present day structure. There are two separate
structures which pass water under the trails. The main culvert is a trapezoidal weir
which contains the main flow of Beaver Creek. The second structure is a complicated set
of culverts with a dam on the downstream side of the upper most culvert. In making the
model these flow structures needed to be modeled. A plan view map is contained in the
appendix and further details are contained in Section 5.4.9

With the addition of water, the lake level is artificially held at a winter high water
level throughout the summer. This undoubtedly impacts the shoreline vegetation. By
raising the lake level, the shoreline has been pushed back and the roots of some trees
which grow in drier conditions have been drowned. This may be the reason for the debris
removal in 1929 as along the lake edge there would be many dead trees (Steele 1985). In
addition to this there may be changes in the vegetation around the lake as the vegetation
no longer experiences a drying and wetting phase. This may preferentially select for
specific species of plants, ones which would not normally inhabit lake margins with
variable water levels. We do not expect the natural flow conditions to change the lake’s

water level much; however, it would be enough to dry up portions of the soil around the

lake edges.

® This is a very rough guess, based on the weir being constructed when the trail was in 1911, we know a
sluice gate was constructed at this time (Steele 1985).
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5.4. The hydrological model

5.4.1. The conceptual idea

A basic premise of the research group is that alteration of natural processes should
be avoided when possible. The addition of city water, as discussed in section 3, is an
example of one such problem. We are interested in knowing if the addition of city water
from the North Shore Mountains can be stopped, or reduced, while keeping the crucial
elements of the system intact. In order to evaluate how changes in the artificial water
supply would affect the biological community it is necessary to first understand the
underlying hydrological regime. As the hydrology of the basin is strongly altered by the
artificial supply of water it is not possible to do field measurements to determine the
normal course of hydrological processes. Thus it is necessary to model the flow regime if
an understanding of the flow is to be attained. The purpose of this model is to determine
the timing of the disappearance of channel flow, and the draw down of the lake during the
summer months. The model has been designed to predict later summer stream flow

recession.

5.4.2. Comparision to other hydrological models

Before going into the details of the model it is useful to describe the differences
between this model and other models which predict stream flow. The biggest differences
are that this model is designed to deal with seasonally dry streams, and it uses a stream
flow recession approach for predicting runoff.

As Beaver Creek would be a seasonal stream, a model which is able to deal with
seasonal flows is mandatory. In seasonal streams it is clear that evaporation must be
important in controlling the runoff as at some point the evaporation, and runoff will be of
the same order of magnitude. At this point the amount of evaporation, and runoff should
have direct impacts on the stream flow. Only two of the papers reviewed on different
hydrological models mention evaporation. Zecharias and Brutsaert (1988) are dealing
with deep groundwater and found the evaporation to be small and set it equal to zero in
the end. Post and Jakeman (1996) found evaporation to be important in their study, and

account for it by subtracting it from rainfall by a method which is not clear. Their model
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is empirical in design and has two “catchment factors” which would have to be estimated
in our case. These “catchment factors™ do not represent any particular measurable
attribute of the basin and it is unclear how or if they could be estimated for a basin like
Beaver Creek.

The use of a stream flow recession approach seems to be unique to our model.
Post and Jakeman (1996) use a unit hydrograph approach while other models use an
infinite slope (Zecharias and Brutsaert 1988) or Darcy’s law approach (Smakhtin er al.
1986). All of these approaches require the estimation of some values from field visits.
The infinite slope equation and the Darcy’s Law approach require a hydraulic
conductivity be measured or estimated for the basin as a whole, while our approach and
the one based on a unit hydrograph require measuring the reéponse of the basin as a
whole. The latter two are likely better as the model is based on a value which is
measured from the whole basin, rather than spot checks in the basin. We are able to use a
recessional flow model because we are assuming storm flow happens within a day. For
larger basins this may not be the case and a recessional flow model constructed as ours is
would not be appropriate.

Part of the differences in the models results from the necessity for ours to be
reasonable without calibration. Most of the models undergo some form of calibration,
and are designed with this in mind. We could not expect to be able to calibrate our model
because we did not have the time to construct a stream flow record, nor the ability to
remove the artificial water supply from the lake.

Most hydrological models are made for basins much larger than ours and cannot
ignore groundwater flow. We have a model which is designed to be useful for the Beaver
Iake watershed specifically, and some of the factors we have ignored could not be
ignored for other watersheds. The modeling of the lake as we have done is likely not

unique, however, as the process is relatively simple we chose to construct the model

ourselves.

5.4.3. Basin characteristics
Figure 4-1 outlines the watershed boundary used in this study. The Beaver Lake

watershed was calculated to have an area of 81Ha using a polar planimeter based on a
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1:5000 map from Talisman (1995a, figure 3) as compared to the Beaver Creek watershed
which covers 112Ha*. Beaver creek flows out of Beaver Lake and thus catches all the
water flowing into the lake as well as additional water flowing directly into the creek.
The lake is considered to have an area of 3.881Ha based on a water level equal to the

bottom of the main weir draining the lake (Stewart 1997).

5.4.3.1.Groundwater flow in the Beaver Lake basin

Under the forest soil exists a compact basal till. This forms a relatively
impermeable “liner” for the basin and ensures most of the rainfall leaves the basin either
through evapotranspiration or runs off through Beaver Creek. Hatfield Consultants
(1985) estimated that about 10 percent of the water goes to groundwater recharge. This
value seems large. To get and estimation of the runoff in the till, we can consider a cross
section through which the water flows. If we look only at the Beaver Lake watershed (81
Ha in area), we calculate a cross section by considering the perimeter of the lake and the
till depth. The perimeter of the lake is 400 meters in length, and the till is estimated to be
on average two meters thick. This gives us a cross sectional area of 800 m”. Knowing
that the aquifer would be unconfined, we can approximate the head difference (dh/dx)
through the till as the surface gradient. Based on six transects on a 1:5000 map an

average surface gradient of 0.047 was measured for the watershed.
Equation 5-1:
Q=KAdh/dx
Here Q is the total discharge through the basin, K is the hydraulic conductivity, A is the
cross sectional area and dh/dx is the head difference, we get, for 1 year,
Q= K*(0.047m/m)*(800m*)*(3.153*10° s/year)
Q=K*1.1855*10% m*/year
We can consider a depth of runoff (d), given the area of the basin (Ab),
d= Qs‘/ Ap

~K *1.5 *10° mm/year

* Talisman (1995) gives a value for the watershed which is 2 times as large; all of their areas are most
definitely two large by a factor of two.
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Freeze and Cherry (1979) give a range between 10°<K<10""* m/s for glacial tills. If we
take K < 107 m/s, d < 1 5mm/year. This would be less than 1% of the annual rainfall.
Therefore, we have assumed no loss of water to groundwater in the model. All the water

in the basin flows through the soil or evaporates.

- 5.4.4. A water balance approach

% At the conceptual level the hydrology model is derived from a daily water balance
approach. A water balance for a basin consists of a number of terms related to water
inputs and outputs for a given area. For this study the water balance is constructed for
two different areas. The first is the Beaver Lake watershed, the area that supplies water to
the lake directly but does not include the lake itself. The second area is the lake. The

interactions of the different terms of the model are summarized in Figure 5-2
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Figure 5-2 Water movement through the model

The first water budget (Equation 5-2) is for the watershed area and does not

account for water being introduced artificially. It can be written as:

Equation 5-2:

AS=P—E—Q

Here AS is the daily change in water stored in the basin. P is the total daily
precipitation, E is the total daily evaporation, and Q is the total volume of water that
flows out of the basin in one day. This water balance is somewhat simplified and does
not contain any terms accounting for rainfall interception (water which is trapped by
vegetation or other structures and doesn’t reach the ground surface), or for groundwater
recharge. The basal till is shown to exist throughout the watershed on the Geological

Survey of Canada map number 1586a (1979). This material is highly impermeable and
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is assumed no water is lost through it. The flow through the groundwater is probably less
than 1% of the annual precipitation as calculated in section 4.3. The purpose of the water
balance for the forest is to determine the daily runoff (Q). The model finds Q by entering
precipitation from the data files, calculating evaporation and then updating soil storage.
From soil storage the daily discharge can be calculated. This runoff value is used in the

water budget for the lake.

The second water budget is for the lake. It can be written as:
Equation 5-3:

AS=Q+P—E—F

Here AS is the change in lake storage, Q is the runoff into the lake, calculated
from the watershed water balance, P is the direct daily precipitation onto the lake, E is the
daily evaporation, and F is the total volume of water which flows out of the lake on the
given day. The purpose of the lake water balance is to predict the flow volume (F) into
Beaver Creek from the lake (as opposed to the total outflow of the Beaver Creek
watershed into the ocean). The model finds F by adding Q from the forest watershed
above, entering the precipitation from the data files, calculating evaporation, and finding
the change in lake depth from the height of the lake above the weir. The final output
from the model displays the changing outflow level (F) and the changing lake depth on a

graph over the time period chosen.

The following few sections detail how the model deals with each of the main
terms in the water balance. They are laid out in the same order as that which is used to

calculate runoff in the model, and thus begin with precipitation.

5.4.5. Precipitation
Daily precipitation and maximum and minimum temperature measurement from
the Environment Canada Harbour Center weather station were used in the model. These
data were available for an eight-year period from September 1989 to October 1997, and

were for the most part complete. For the three data sets the observations from December

11" 1990 to January 1 1M 1991 were missing and were replaced with the same dates from
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the 1991-92 records. In the same manner the data from November 15" 1996 to

November 30" 1996 were replaced with 1994 data from the same days. There were also
a few days for which there were no data. For these days values were assigned that were
representative of the season. Any snowfall that occurred during the measurement period
was converted to its equivalence in rain by Environment Canada and was treated as
rainfall within the model. Given the low frequency of snowfall in Vancouver and its
usual rapid melt, this is not believed to be a problem.

The daily precipitation total i1s added to the soil water storage term which is kept
track of as the model runs. The storage term is broken down into a number of different
volumes for the model. Figure 5-3 is a hypothetical illustration of the volumes of water

stored in the soil column.

Surface ﬂ'\

Water available ﬂP szciitee(j oo . fvﬁgfd
for recessional By
et Water [FEE
storeﬂ_'f = : ¥ : Stormﬂow
in pores (IR Gl

. Macro
{ pore |
water

| Underlying

Water held
in tension

Figure 5-3 Composite soil profile and associated water storage areas.
Equation 5-4:
AS =8, +8, + 8¢,
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Equation 5-4 breaks down the water storage term into three components: S -
water which runs off as storm flow water (made up of both macro pore water and surface
water), S, - water stored and available to runoff over a number of days or weeks (made up
of water ponded in depressions and water stored in pores), and Sy, - water which is stored
in the soil after the water has drained. It is only withdrawn by evaporation or
transpiration. S includes the water which exists at or below the wilting point of plants.
The upper limit on each of the storage terms is determined before running the model.
Water held in tension (Sg.) is limited by the field capacity, water stored and available to
runoff (S,) is limited by the surface capacity (saturation capacity), and there is no limit on
the amount of water which runs off as stormflow (S;).

The model first adds the day’s precipitation total to the Sg, term, until the field
capacity of the soil is reached. Once the Sg, volume is full the model then adds the
precipitation to the S; storage term until surface capacity of the soil is reached. Finally,
once the surface storage term (S,) is full the remaining precipitation is added to the storm
flow storage term (S,). This completes the addition of the precipitation term to the water
balance. Following the addition of the daily rainfall the model makes a number of

calculations to estimate a daily evaporation total.

5.4.6. Evaporation

Evaporation is calculated for the watershed and for the lake separately. However,
the basic approach to the calculation of daily evaporation is the same for both areas. The

calculations make use of the Priestly-Taylor relation (Priestly and Taylor 1972, cited in

Giles er al. 1985).

Equation 5-5:

Emax:aEeq

Here E, is the maximum saturated daily evaporation, a is an experimentally
determined coefficient and E,g is the equilibrium evaporation rate. It is Eq, which is
used in the model as the amount of daily evaporation. In order to determine E., an

energy balance approach was taken based on daily averages of incoming solar radiation
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(k4) and minimum (T ;) and maximum (T, ) temperature values. The ki data from the
UBC weather station was used and was available from September 1990 to September
1998. As with the precipitation and temperature data a few individual days had missing
data. In these cases a representative k¢ was used.

The model uses an average daily temperature which is calculated using (T . +
Tmin)/2. In order to determine E, the daily net radiation R, needs to be determined. R, =
(1-a)k{ + L" where “a” is the albedo of the surface, and L is the net longwave radiation
received at the surface. The albedo was estimated to be 0.12 for the canopy (Giles ef al.
1985), and 0.07 for the lake (Dr. Tim Oke, personal communication).

L"=LJ + LT, where L{ is the incoming longwave radiation and LT is the
outgoing longwave radiation. LV is calculated using LJ = £,0T" where ¢, is the
emissivity of the atmosphere, ¢ is the Stefan-Boltzmann constant and T is the air
temperature (Stull 1995). To calculate g,, we used the Idso-Jackson formula where €, = 1
-(0.261 exp(-7.77 * 107 (T - 273)%) (Aase and Idso 1974, cited in Spittlehouse and Black
1981). LT is calculated using L'Tx\pfsgsa'l"4 where \y, is the sky view factor (Arya 1988)
which accounts for the influences of the trees along the edge of Beaver Lake. w, equals 1
for the forested portion of the watershed and is estimated to be 7/8 for the lake based on
the geometry of the lake and the height of the trees. g is the emissivity of the surface. A
value of 0.95 is used for the emissivity of the vegetation in the watershed and a value of
0.97 is used for the emissivity of the water on the lake (Dr. Tim Oke, personal
communication, 1999). For LT the air temperature is used for the vegetated portion of
the basin, while the average air temperature from the preceding two weeks is used for the
water temperature of the lake. Once the model calculates L it goes on to calculate R, for
the given day of the iteration. |

Eeq= (s/(s+7))*Ry/(Lpy,) estimates E,q, where s,y, py, and L are the slope of the
saturation vapor pressure-temperature curve, the psychrometric constant at 100 Kpa, the
density of water and the latent heat of vaporization respectively (Giles ef al. 1985). The
following equations for s/(s+y) are noted to give less than 1% error and are used in the

mode! (Viswanadham et al. 1991).
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For 0<T<16°C

s/(s+y) =0.407+0.0145 T (°C).
For 16.1<T<31°C

S/(s+y) =0.483+0.0101 T (°C),

Once the model selects the appropriate s/(s+y) value for a given day’s average

temperature, it goes on to calculate E,q. Finally, the model needs to select an appropriate
value of & (=Epna/Eeq) by examining the soil water content for the vegetated portion of
the model and the season of year for the water balance dealing with the lake.

For the vegetated portion of the model o is largely based on the work of Giles er
al. (1985) and Black (1979). They have found that o maintains a constant value until
some critical water storage content (6,) at which time it linearly decreases in value with
decreasing soil water storage. Black (1979) notes that Tanner and Ritchie (1974)
converted soil water content data to a fractional extractable water content (6,) which is
defined as follows: 6,.= (W-W,)/(WW,,). Here W is the root zone water storage, Wp, is

the water storage at the permanent wilting point, and W¢is the field capacity of the soil.

The model keeps track of mm of water/m?, and as such does not keep W in dimensionless
units. Black (1979) divides the water storage depth by the root zone depth to achieve
dimensionless values of W. The model does not complete this step as it can be observed
that 0, comes out as a dimensionless number in the above relation as long as all
watershed storage terms are in the same units. Thus the model avoids the problem of
determining a root zone depth for the watershed. The soil water storage term Sg. is
equivalent to W such that W=S8g. W, was estimated to be 40mm for the basin based on
the soil characteristics and typical values of permanent wilting points (Tim Ballard,

personal communication).

The model makes use of the « values and 6, determined by Giles er al. (1985)
who performed their field work at the east end of Cowichan Lake in a forest which is
believed to have similar characteristics to that of Stanley Park. In order to determine «,
8. was normalized by E., for the given day of the iteration. Giles et al. (1985) determined

a = 0.73 for 6/E., greater than 0.178 (mm/day)” as displayed in Figure 5-4. The linear
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relation which reduced o once 8./E,, fell below 0.178 (mm!day)'i was determined to have
a slope of 4.1 mm/day and went through the origin. Thus for any value of 8./E less than
0.178 the value of 6/E, is multiplied by 4.1 mm/day to give the daily value of o. This

value is then multiplied by E, to give the daily total evaporation over the forested area of

the watershed.
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Figure 5-4 Giles ef al. (1985) data for o as a function of 6./Eeq

« for Beaver Lake is substantially more straight forward. For water bodies
a=1.26 is commonly used (Tim Oke, personal communications). The lilies complicate
matters in the summer months because part of the leaves are dry on top of the water
surface, and thus the actual evaporation is lower compared to a free water body. To
correct for this a value of a=1.1 was used for the months from June through September.
Once the model determines which o was correct for the given season it goes on to
calculate the actual daily evaporation (Eg.).

The daily value of evaporation is first subtracted from the S, term if there is any
water stored in this portion of the soil. If the S, term is zero, the model subtracts
evaporation from Sy, storage term. Once the evaporation is removed from the appropriate

water storage terms, the daily total runoff from the watershed can be determined.



5.4.7. Stream Runoff

Peak stream discharge occurs immediately after storm events and may last for a
day or two in basins like Beaver Creek (Knighton 1998). These flows are
characteristically labeled stormflows (/bid.). Given that the Beaver Creek watershed is
extremely small and the longest distance to a channel is approximately 500m, the storm
flow is considered to leave the basin on the same day as the precipitation event.

The water which is subsequently left in the soil is made up of both water held in
tension and water able to drain. The water able to drain is characterized as shallow base
flow water and may flow out of the basin in the logarithmic recessional form shown in

Equation 5-6 (Anderson and Burt, 1980).
Equation 5-6:

Q=Que™
Here Q is the flow at a given point in time, Q, is the flow at the start of the
recession, k is the recession constant and t is time. The longer the stream flow recession
is the smaller k is and more water will be running off later in time. This relation is key to
the model and it is useful to make a few cursory comments about its origins and validity.
The relation originated with the work of Barnes (1939) and was originally-

expressed by Barnes in the form
Equation 5-7:

Q :ont-

It is noted to have a logarithmic discharge scale and an ordinary time-scale. The
constant “depletion factor” k in Equation 5-7 is different in value than the recession
constant in Equation 5-6; however, they represent the same recessional characteristics for
a particular basin (Anderson and Burt, 1980). For the remainder of the paper “k” will
mean the recession coefficient as defined in Equation 5-6.

Barnes’ original measurements can be split into three different k values: one
corresponding to overland flow, a second corresponding to subsurface stormflow and a
third corresponding to baseflow (Anderson and Burt 1980). Each of these has a

characteristic time scale, namely a few days, 10-14 days and a couple of months
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respectively. These values do depend on the scale of the basin, a basin. For our model
we are only looking at the intermediate time scale. The shallow soil (estimated to be on
the order of 0.5 meters thick) overlying the impermeable till does not have the resources
to develop a significant baseflow, and as a consequence it is only the soil water which is
important in streamflow recession. k itself has been shown to depend on mean land
slope, drainage density, and the ratio of hydraulic conductivity and drainable porosity
(Zecharias and Brutsaert, 1988) and as such it is expected to be spatially variable, yet
constant for a particular basin.

Our k value was determined by measuring the discharge from a PVC pipe which
goes under the ravine trail and flows directly into Beaver Creek. The measurement site is
given as point A on Figure 4-1. This creek is completely outside of the watershed
modeled, but has similar soils, slopes and aspect. It was chosen as it is not affected by the
city water supply and is sufficiently small that it could be gauged with a 10 liter bucket
twice a day. A five day clear spell in December following a month or so of rain presented
us with a well saturated basin. From this we made discharge measurements to calculate k
(the data is contained in the appendix). It is important to note that the temperature was
below zero for most of the days during the discharge sampling and consequently
evaporation was effectively zero. However, at no time did the ground itself become
frozen and thus hold frozen water in the soil. We were unable to gauge the runoff for
more than five days because it snowed and we did not get the chance to observe the
recession over a longer period of time. However, the available data are exceptionally
linear as seen in Figure 5-5 with an R’ value of 0.9955, indicating that the sampled basin
behaved according to a single k value. In these calculations the first measurement was
not used as it was likely still influenced by the stormflow from the preceding evening’s
rain. Stormflow would have a different value of k, but would likely exist for less than a
day in a basin as small as the Beaver Lake watershed.(Barnes 1939). As the model works

in day units there was no attempt to calculate the stormflow k value.
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Figure 5-5 Stream flow recession data for the Beaver Creek watershed

Our observations of the declining lake level during the gauging period indicate
that a k value measured from Beaver Creek would be similar to the one we measured
from the discharge of the small tributary. The Beaver Lake watershed is larger than the
watershed feeding the tributary from which we measured our k value. Generally one
would expect the k value to be smaller for the larger basin, as it takes longer for the water
to move through the larger basin. However, the channel extensions within the Beaver
Lake watershed will reduce the recession time for the basin and may leave the k value
relatively unchanged. A future study evaluating the recession constant for the Beaver
Lake watershed could confirm our estimation that the k value is around 0.425day™".

For comparison sake it is interesting to note that Barnes’ value for k for

subsurface stormflow was (?LBffséday“I (Anderson and Burt 1980), while ours is 0.42562‘}5;‘
These different values are to be expected given the differences in basin characteristics’.
However the fact that they are of a similar magnitude indicates that they represent the

same runoff processes.

In theory it is possible to predict the recession of runoff (Q) from one day to the

next once the initial flow is known. However, the initial flow is a challenge to model, as

° . Hatfield (1985) gives values between 0.35-0.65 for the runoff coefficient, which is a different constant
than the k defined above.
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it has to be derived from the stored volume of water in the soil. Depending on the
amount of water in S; and S, the discharge for a given day is calculated somewhat
differently.

If S, is full there is a maximum value of runoff which can come from this amount
of storage. If S is greater than this amount of runoff then S; is the amount that runs off
on that day. If Sy is greater than zero then the amount which runs bff equals the amount
able to runoff when S, is full. When this is done S; is zero at the end of the day, and the
amount of water which ran off, but did not come from S; is subtracted from S,. In order
to calculate this maximum discharge it is necessary to digress into some more theory

about recessional flows.

The model is designed to calculate the runoff for a given day based on the water
available to run off for that given day. For any given day there is some remaining water
which does not run off. It forms the starting S, value for the subsequent day and the
evaporation is subtracted from this value if no precipitation occurs on the day. After this

subtraction is performed, a new runoff value is calculated from the new S, Equation 5-8

expresses this process.
Equation 5-8:

Si2= Sioi - Qpi- Ep2
Here S,p; is the soil storage which is available to runoff on day 1, and Qp; is the

runoff on day 1. Ep, is the evaporation on day 2, which has already been calculated in

the model. S.py is the soil storage available to runoff on day 2 assuming it has not rained.

The runoff value is recalculated each day based on the stored water that is
available to runoff, rather than the flow of the preceding day; consequently, the resulting
flows are not related in a typical recession manner. When examining recessional flow it
is common to relate the flow of subsequent days to the flow on the initial day. In the
model the logarithmic recession flow relation (Equation 5-6) is used to relate the storage

of a given day to that days flow. To do this we need to recognize the following:
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Equation 5-9:

Fp=/5"Q.e™

Here Fp is the total flow from time = 0 to time = D based on Equation 5-9 which gives

the instantaneous flow at a given point in time. Integrating Equation 5-8 we find
Equation 5-10:
Fp=Q,1/k(1-¢™")

We also know that the total amount of storage (St):

Equation 5-11:

S$1=/,"Que™
which can be integrated to give:

Equation 5-12:
S1=Q,1/k

Solving Equation 5-12 and Equation 5-10 for Srand Fp in terms of k we get

Equation 5-13:

St(1-e*) = Fyp

which lets us calculate the daily runoff. By assuming that S; = S+, which corresponds
with our definition of S,, we can find the total flow from time = 0 to time = D. We can
now calculate the daily flow for a given S, value. This completes the computations for
the forested watershed portion of the daily model resulting in a total runoff which reaches
the lake. Once the flow into the lake occurs, Sr, the water in the soil available to runoff,

is recalculated with Equation 5-8 using the evaporation for the next day.
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5.4.8. Inputs into the lake
The model runs for the land portion of the watershed first and calculates all the
aforementioned variables. At the end of this it has a daily runoff and residual soil water
storage terms expressed as water depth (m). The runoff term is multiplied by the area of
the basin and then added to the volume of water in the lake. The water storage terms are
kept track of until the next day when they form the basic starting volumes. The lake

portion of the model then runs for the given day.

5.4.9. The modeling of lake outflow

The lake level and outflow volume portions of the model are highly integrated.
Because the level of the lake determines the total volume of outflow, the lake level is
updated on an hourly basis throughout the day. Each time the lake level is updated, a new
outflow volume is calculated. At the beginning of each day, the total evaporation from
the lake is removed and precipitation into the lake is added for the entire day. The
amount of runoff from the basin, Q from Equation 5-2 is divided into 24 equal segments
of hourly inflow to the lake. This assumes that the inflow is constant over the day. The

volume of water in the lake is recalculated every hour using the following balance:

Equation 5-14:

AS=1-0
A4S is the change in water stored in the lake, I represents the hourly inflow and O
represents the hourly outflow.

In order to determine the lake level, a relationship between the volume and the
depth of Beaver Lake was found. From the bathymetric survey completed by (Stewart
1997), the surface area relating to each depth contour was found using a polar planimeter.
The depth contours have been re-drafted on Figure 6-2 . The depth contour increment on
the survey was 0.3m. Table 5-1 shows the surface area of the lake that would be present
for a given lake depth. A polynomial equation was fit to a plot of area vs. height shown

in Figure 5-6.
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Table 5-1 Depth - surface area relation.

Elevation above mean sea level
{m) {Stewart 1997)

Lake depth at deepest point (m)

total area (m”)

36.02 0 0
36.3 0.28 2820
36.6 0.58 13670
369 0.88 27320
30000
v = 8448 7x% + 11791 x
25000 4 R2=0.8934
&N 20000 4
E
5 15000 -
e
& 10000 A s
5000 -
&
g t : + + +
0 0.2 0.4 08 08 1 1.2

height above lake bottom (m)

Figure 5-6 Area - depth relation

In order to relate lake storage volume to the depth, the equation in Figure 5-6 was

integrated with respect to depth. This gave us Equation 5-15 with storage in m’ and

depth in meters above the lowest point in the lake (36.02m).

Equation 5-15:

S = 2816.5d° + 5895.5d>

The model uses Equation 5-15 with an updated storage based on Equation 5-14 to

recalculate the depth every hour in order to determine the runoff out of the lake. We

Equation 5-15 for depth as a function of storage graphically. We graphically solved

Equation 5-15 for depth as a function of storage. The graphical results are shown in

Figure 5-7.
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Figure 5-7 Depth-volume relation

Once the depth of water is known it is used to calculate the outflow from the lake.
In Beaver Lake there are two culverts through which water leaves the lake. These are

shown in plan view in the appendix. The main outflow weir is shown in Figure 5-8.

Figure 5-8 Main weir on Beaver Lake

The base of this weir is 1.165 meters above the lowest point in the lake. In order
to determine the outflow of the main weir standard weir equations were used. These are
designed for weirs of much more uniform dimensions and thus only approximate the

outflow of the lake. While the main weir is trapezoidal in shape. it does not have side
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walls with a ratio of 1 horizontal to 4 vertical which is the standard against which
trapezoidal weir equations have been generated. The weir also has a grate along the front
of the structure which will act to reduce the flow through the structure. As a result of
these two factors we chose to model the weir as a rectangular weir. Wu ef al (1999)
estimates the main weir has a maximum capacity of 0.6 m’/s and this was accounted for
in the model.

The secondary weir is estimated to have a maximum discharge of 0.13 m’/s (Wu
et al. (1999) and was also modeled as a rectangular weir. Figure 5-9 is an end-view of the
downstream side of the culvert and the elevations are tied in to the survey completed by
Stewart (1997). The inflow height of the culvert was used as the height of the weir (1.10
m) and it was assigned a width of 0.4m. Equation 5-16 is the equation used to model
rectangular weirs (Stevens) and is present in the form where Q is the discharge (m’/s), w
is the width of the weir (m) and h is the water head (m). The head is calculated by
subtracting the height of the weir from the depth of water in the lake. If the head for a

weir is negative, no water flows out of the weir.

Equation 5-16:

Q=6.0318(w-0.2h)h*?
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Figure 5-9 End view of secondary culvert

Throughout the day the total outflow leaving the lake and the water level of the
lake are recorded. The model can display the daily totals in numerical and graphical

formats.

5.4.10. Starting parameters for the model
The starting simulation window is shown Figure 5-10. In this window, start and
end dates, initial field storage and field capacity values, and the initial lake water level are
chosen. The field storage and surface storage can be set to any value between Omm and
the field capacity and surface capacity, respectively. The lake level is with reference to
the deepest point in the lake, which has an elevation of 36.02m (Stewart 1997) above sea

level, and is suggested as 1.2m to start the model.

P
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O M—WM = The Simulator! =—————0

Welcome to the Simulation Machine!

Day Month Year
Start Date 1 [ January 2] [1991 3J
End Date 31 [ December 3] [ 1995 21
Field Storage (mm)
Range: 0—Capacity 100
Surface Storage (mm) 10
Range: 0—-Capacity
Lake Level (m) 1.2
[ setParameters | [ start Simulation

Figure 5-10 The model’s pre-simulation window

If the “Set Parameters” button is chosen in the starting simulation window, a
second window will appear as shown in Figure 5-11. In this window, the most important
parameters, which determine the outcome of the model, can be changed. The initial
values that appear in the boxes are the ones the model uses unless the user makes any
changes. Note it is also in this window that the user can add city water it is desired. It
has been estimated that the pipe flowing into Prospect Creek contributes 0.184 m’/s (Wu

et al. 1999) to the basin, and this is the value we used in the runs where artificial water

was added.
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Figure 5-11 The “Set Parameters” window in the model.

5.4 11.Results of the model

Several runs of the model were performed in order to obtain reasonable starting
parameters. The field capacity was first estimated at 150mm, yet it was discovered that
water was not filling the field capacity throughout wet winters as would be expected.
Therefore, the field capacity was adjusted to 100mm. This seems more likely since the
depth of the soil throughout the watershed is on the order of half a meter. The surface
capacity was reduced from 250mm to 150mm because even during the wettest times. The
surface storage only reaches 100mm. However, it is not expected that the surface
capacity be exceeded at any point during an average winter for an entire day. Overland
stormflow in a forest soil is only expected to occur during very large storm events. The

lake level was left at 1.2m as the starting parameter since this is a reasonable mid-winter



lake level according to the runs we did. Once all of these initial parameters were chosen.

several scenarios were run.

[ =————=————=————— Graphic Results B
— Runoff
— Qutflow level
— Lake depth
Time
[%

Figure 5-12  Five-year run: no city water (Jan. 1, 1991 - Dec. 31, 1995).

The first scenario was simply a five-year run of the model to see the effect of
completely removing the city water. The graphical results are shown . As well as
graphical results, a table of daily values reporting the precipitation, field storage. surface
storage. soil evaporation, runoff, and lake level was displayed. The general trend is
easily read from the graphical results. The lake level remains quite high and consistent
throughout the winter months. From the numerical results, the actual depth (measured
from the deepest point in the lake) varies between 1.2m and 1.3m. Similarly, the outflow
level and runoff are quite high throughout the winter months. The outflow level is
closely related to the runoff because the lake is very small and does not act as much of a
buffer. particularly when it is at capacity already. As summer approaches each year,
precipitation lessens and the amount of runoff leaving the soil drops. As the runoff
drops, the lake begins to draw down. Out of the five-year record that we had data for,

the summer of 1993 indicates the most severe drawdown. Here the lake level reaches as
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low as 0.4m from the deepest point. Generally, the summer drawdown results in a lake
level of 0.6m by mid- to lake-August.

The next scenario run was a one-year run, to show the effect of the lake
drawdown in more detail. Figure 5-13 shows this for 1993. Here the lake level draws

down below the outflow weir level in late-June and remains below that level until late-

September. Therefore, for approximately three months there is no outflow into Beaver

Creek.
[ Graphic Results B
- Runoff
— Qutflow level
~— Lake depth

3

Time

Figure 5-13 One-year run: no city water (Jan. 1, 1993 — Dec. 31, 1993)
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The third scenario was an attempt to model the present conditions. Here the
artificial water supply was added into the model to see the results. No verification could
be made of the estimated outflow volumes because no streamflow data has been
collected. However, it is known that the lake level varies approximately 10cm and
remains above the main weir height all year long. The results of adding city water can be

seen in Figure 5-14.

O GraphicResuits ————— ——H|H
— Runoff
- Qutflow level
— Lake depth
AN A A s AaM\
Time
%

Figure 5-14 One-year run: artificial water supply (Jan. 1, 1993 - Dec. 31, 1993)

As expected. the lake level remains above the weir level all year-round. Furthermore, in
the winter months the lake level is raised when large storms occur. These fluctuations
correlate with the peak runoffs from the soil. The fluctuations stay within a 15¢m range.
The outflow volume going into Beaver Creek also fluctuates during the winter months
and remains above a certain base level throughout the summer months.

The final scenario run was a removal of all soil evaporation from the model. As
described earlier, most hydrological models ignore soil evaporation because it is difficult
to measure and is usually insignificant in reporting high flood levels. This scenario

shows what would happen if soil evaporation in our model was ignored, and the results
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can be seen in Figure 5-15. Clearly the soil evaporation is a significant factor in
determining the summer lake level. When we ignore it, the drawdown in the lake is very
mild. and the outflow to Beaver Creek only stops for three weeks in late-August and

early-September. Evaporation from the lake is still being accounted for in this run.

O=—=——————————CraphicResults=————— =—————a
— Runoff
— Qutflow level
- Lake depth

Time

Figure 5-15 One-year run: no evaporation (Jan. 1, 1993 - Dec. 31, 1993)

5.4.12. Discussion of the model

Generally, the results of the model indicate that the lake would be drawn down
approximately 60cm during a typical summer and the outflow to Beaver Creek would
stop for approximately three months. How accurate are these results? As was mentioned
above, validation of the model is nearly impossible because no streamflow data for
Beaver Creek is available (either with the artificial water supply or without). Therefore,
the accuracy cannot be measured directly. However, a look at the resulting values and a
comparison with other watersheds may give us some idea of the accuracy of the results.

First, the runoff values. The runoff values are on the order of 0.01m"/s - 0.1m’/s
during the winter months. Data gathered from Jamieson Creek, in the GVRD watershed,

by Dr. M. Church (personal communications-b) in October of 1971 indicates that runoff
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values are on the order of 0.05m?/s — 1.5m’/s. As expected, the Jamieson Creek runoff
values are quite a bit larger than the model calculations, since the Jamieson Creek
Watershed is approximately 300Ha in size — four times larger than the Beaver Lake
Watershed. Therefore, the runoff estimates seem to be reasonable given the small size of
the watershed.

Second, the outflow values. These closely mimic the runoff values because
Beaver Lake is quite small and cannot act as much of a buffer. The fact that the outflow
stops for three to five months every year is not surprising. Cutthroat Creek in Pacific
Spirit Park (UBC Endowment Lands) dries up annually for the summer (M. Church,
personal communication) and its catchment basin is quite a bit larger than the Beaver
Lake watershed. Therefore, given the precipitation patterns for Vancouver, it would be
expected that Beaver Creek would dry up for at least two months without the addition of
an artificial water supply. Furthermore, due to the height of the weir, the outflow into
Beaver Creek will stop earlier and return later than would be expected in the system
without the weir. Therefore, an estimate of three to five months without any outflow
seems reasonable.

Third, the evaporation values. As described earlier, the Priestly-Taylor method of
calculating evaporation was used. Whenever these calculations gave negative
evaporation, a result of negative net radiation, the evaporation was set to zero. Validation
of the evaporation values calculated in the model is very difficult because evaporation
data is not available for the area. A comparison can be drawn between the results of the
Priestly-Taylor method of calculating evaporation and field measurements taken by Elyn
Humphreys, a graduate student in Soil Science. A ratio between the incoming solar
radiation and evaporation data gathered in Campbell River in a forest environment, which
is comparable to the forested region of the Beaver Lake watershed, was calculated on a
monthly basis. The aim is to be able to estimate evaporation given the solar radiation
data and the monthly ratio. This data is in early stages of evaluation, but provides a
reasonable comparison for the results from the model.

Figure 5-16 shows the results of the model evaporation compared to the data

gathered from Campbell River. The summer relationship from the Priestly-Taylor
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calculations (in the model) matches quite well with the Campbell River data from the
summer. This confirms that our summer evaporation data are reasonable when compared
to collected field data. However, there are large discrepancies between the winter
relationships. This large discrepancy is not a large concern to the overall results of the
model because it only affects the winter evaporation values which are negligible in
determining the summer lake level and outflow level. The discrepancy does have
implications for future calculations of evaporation in a forested environment. The use of

the Priestly-Taylor method should be limited to spring, summer and early fall months.

0.6
—ep——modeldata for
0.5 - 1991
5 0.4 + g Cambell river data
2 for 1998-99 from
=3 Elyn Humphreys
£ 03| yn mamenrey
£ )
&
g 2
ﬁ 0.
0.1
0 : & 4 ’a_.":._‘_..
Feb Apr Jun Jul Sep Nov Dec Feb

months

Figure 5-16 Ratio of 24-hour Evaporation to Incoming Solar Radiation

Through validation of the runoff values with the Jamieson Creek runoff values,
outflow levels with the Cutthroat Creek outflow levels, and evaporation values with data
from Campbell River, the model results are reasonable. The drawdown of the lake by
late-summer is likely on the order of 50-70cm, and the outflow likely stops for

approximately three to five months if the artificial water supply is completely removed.

60



Tn

[ ]
.

L

|

6. Analysis of the lake Sediments

The research team took a number of cores from Beaver Lake to evaluate the
sediment record. We were particularly interested in the sedimentation rate, type of
sediment and metal concentrations in the lake. The information gathered is used to make

recommendations about the future management of the Beaver Lake watershed.

6.1. Field visit
A small boat was put on the lake on a rainy day in mid October to take the

sediment cores.

6.1.1. Field methods and materials

Two stations on the lake (A and B) were chosen to take the core samples. To
locate the stations, two reference points were used: the outflow gate to Beaver Creek, and
the large cedar tree in the cleared area south-east of the lake. See Figure 6-2 for the
positioning of the two stations. Site A was close to the center of the lake in an area
adjacent to a large growth of lilies. Site B was located on the west side of the lake in an
area of open water with few lilies.

A Hiller corer and a Livingston corer were used at each site to collect samples of
different sizes from different depths (see Table 6-1). Procedures to extract the cores were

specific to the type of corer used.
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Table 6-1 Core samples and field sample lengths

Hiller Corer Livingston Corer
Depths Sampled at site A AH1:0-0.5m AL1:0-0.85m
Depth of water at site AH2:0.5-1Im AL2:0-1m
A=0.70m
AH3:1-1.5m AL3:0-0.95m
AH4:1.5-2m AL4: 0 - Im (moist length
=0.475m)
AH7:3.5-4m
Depth sampled at site B BH1: 0-0.5m BL1: 1.05m (moist length
=(.686m)
Depth of water at site BH2:0.5-1.0m
B=0.73m
BH3:1-1.5m

The Hiller corer was used to take a series of samples at the same position in the
lake from different depths. In order to maintain the same hole for reentry, two support
tubes, as shown in Figure 6-1 (approximately 8 feet long) were placed into the surface

sediment and were installed such that they did not immediately become filled with water.

62




i
-
|
g
]
|

i sl

B

Figure 6-1 Taking a sample with the Hiller Corer

The position of the sample was controlled such that successive 50 cm depths were
sampled using the top of the PVC pipes as a reference. The door on the sampler was
opened once it was at the proper depth and then closed before it was pulled up from the
sampled depth. The sample was carefully scraped into a double layer of plastic wrap,
rolled up (burrito-style), labeled, and rolled in a layer of aluminum foil.

The Livingston corer was used to take a larger sample from 1m below the surface.
Vacuum tubes (1.5 inches in diameter) with sediment catchers placed in the bottoms were
used to collect the sample. The corer was dropped and then pushed vertically into the
sediment until it would not go any further. The corer was pulled out of the sediment and

a stopper was placed in the end to prevent a loss of sediment.



79

SIS 13.10)) Jo depy 7-9 dangiy

{w) snuesip ajpos

05 09 ag 0

{ -
\w,« N VL et s

A e

BI0D SURPNSUOD DB H D
SEYS BI07) b4
SINOOT) DBLBLIR Y - -
weans e
PEL e
a0pe &e| JREL  —
alips aye| 961~~~
pusanay

ERET]

¥




-y Air-Water Interface: +70cm

_ Beaver Lake

| » Water-Sediment Interface: Gom
.y Mazama Ash: -1.im

Lots of shells

Few shells

| Silt-Till Interface: -4.0m

Impermeable layer

Figure 6-3 schematic sediment profile of the lake

6.1.2. Field description of cores

The Hiller cores were visible in the field and gave us some important results
regarding the sediment profile (Figure 6-3). At site A the glacial marine silt was
encountered about 1.1 meters below the sediment-water interface. The same silt was
found to be 1 meter from the sediment-water interface at site B. This silt originates from
when the park was under sea level and the silt settled out on the ocean floor. We
managed to identify a few shell fragments in the silt. The silt was penetrable to a depth of
4 meters from the top of the sediment at site A. This would give the silt a depth of 3m.
The material under the silt could not be brought up by the corer; but, it is probably the

basal till which is common in the area.

6.2. Lab methods and results

In determining which samples to select for analysis, we chose the least
contaminated and the longest. This provided us with the most accurate representation of
sediment characteristics throughout a long history of sedimentation. The cores which
were chosen for detailed analysis were AL4 (site A, Livingston corer #4) and BL1 (site B,
Livingston Corer #1). All the cores became highly compressed as part of the sampling.
This is likely due to a number of factors. Firstly the sediment was not very dense and was
easily compressible. Secondly, substantial gas bubbles were found in the sediment,

especially at a depth of about 30cm below the sediment surface. The gas bubbles rose
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out of the sediment when the corer was drawn up out of the water. Third, the sticky, silty
nature of the sediment made it adhere to the core barrel sides and prevented it from
sliding easily up the core barrel. AL4 compacted by a factor of 2.1 and BL1 compacted
by a factor of 1.6. Ideally all the results would be presented with respect to their field
lengths; however, we know that the compaction was not uniform throughout the depth of
the core, and thus we would be misrepresenting the data by projecting the lengths back to
the field lengths. This is a common problem with core samples, especially when the
compaction factors are as large as ours are. For comparison, the core Hatfield
Consultants (1984) took had a compaction factor of 1.3. All subsequent lengths
throughout the report refer to the moist lengths measured after the initial compaction in

the field had occurred.

6.2.1. Visual description of cores

Physical descriptions of the cores were documented in their wet, dry and crushed
state. Table 6-2 shows the physical descriptions for the cores when they were dry. (The
appendix contains similar tables describing the cores in their wet and ground state.) These
descriptions can be compared to Figure 6-4 through Figure 6-9 which are photos from the
cores in their dry state. AL3 is included in this set as it shows up especially well in the

photos. In all of the core descriptions Ocm is the top of the sediment.
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Figure 6-6 Middle section of the Bl1 core
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Figure 6-7 Bottom section of the BL1 core
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Figure 6-8 Top section of the AL3 core
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Figure 6-9 Bottom section of the AL3 core
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Table 6-2 Dry core descriptions for AL4 (top) and BL1 (bottom)

Moist Description

Depth of AL4

(mm)

/

@

0-96 0-156 light gray/brown; some fine veg.; some
white specks on outside
96-169 156-275 more veg.; filamentous roots; large chunk of
root: black inside (rubbery smell) |
169-243 275-323 slightly paler; filamentous OM; bits of
charcoal
243-291 323-355 more brown ; fewer filaments; large pieces
of charcoal
| 291-311 355-372 woody root at top; more filaments
311-355 372-410 dark, almost black; white flecks at bottom
3’355-3 70 410-434 very dark; white flecks; fine and compact
§ 370-395 434-475 suddenly slighter lighter with reddish tinge;

long strip of charcoal; no more white flecks

Description

of BL1

0-90 0-115 grey/brown, fine veg.

90-118 115-154 more veg.

118-143 154-189 darker brown

143-161 189-214 lighter brown

161-171 214-235 darker brown

171-193 235-262 almost black

193-223 262-305 more brown shades

223-240 305-330 slightly darker; some black attached
240-260 330-365 more grey; darker
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.

L

260-277%%  365-388

)260- 1)365-384 i)almost black

274 11)384-388 | ii)very thin reddish
i1)274- layer

277

1 277-307 388-343 dark with some grey further down

1 307-342  433-473 very grey

342-372 473-514 crumbly, reddish-brown

372-407 514-571 more reddish

407-432 571-608 black, fine sediment, little veg.

1 432-458  608-651 black with distinct layer of white specks
(pebbles)

458-476 651-686 black with white specks

Following the visual descriptions the core samples were analyzed for heavy

metals, carbon, nitrogen, percent organic and inorganic sediment sizing.

6.2.2. Mazama ash

In the photo of the bottom section of the BL1 core a distinct layer of organic
material with white flocculated particles is evident. Similar specks were found in the
bottom section of the AL4 core when it was ground up. The specks were exposed to
hydrochloric acid and did not effervesce, indicating that the material was not shell
fragments or carbonate in composition.

The material was concluded to be Mazama ash. Mazama ash is a widespread ash
deposit from the eruption of Mt. Mazama 6600 yr. BP at what is now Crater Lake. The
white specks were easily crushed, to break up the flocculated ash shards. When the
shards where examined under a light microscope they appeared as glass shards and had
small bubbles along the walls of the shards. This description fits the description given for
Mazama ash by Reasoned and Healy (1986). It is unlikely that the ash is the Bridge River

ash as this record is not known to have extended as far south as Vancouver. The Mazama

® This sample showed two distinct layers but was impossible to separate.
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ash has been found in other areas of the Lower Mainland. No further tests were

performed to confirm that the material was in fact the Mazama ash deposit.

6.2.3. Bulk density

As part of the analysis bulk densities were measured late in the analysis process,
which resulted in some inaccuracies in the values of bulk density. In order to calculate
the bulk densities the dry weights of half of each sample segment was measured and this
was divided by the volume of space the segment occupied in the core barrel. This method
resulted in error as the cores were cut in half by hand with no specific method to ensure
the sample was evenly divided. Secondly the sediment was not transferred analytically
and some sediment was undoubtedly lost before the samples were dried and weighed.
The bulk densities likely have error margins of about 20 %, but are sure to fall within 50

% of the stated value. Figure 6-10 shows the vertical profiles of bulk density for the two

Cores.

Bulk density (kg/m*3}
0 100 200 300

+BL1
w AL4

800

700

Figure 6-10 Bulk density profiles for BL1 and AL4 core

These bulk densities are very low compared to terrestrial soils. As a comparison,
water has a density of 1000 kg!’m3 and inorganic sediment may have an average density

around 2600 kg/m3 . The exceptionally low densities indicate the degree to which the
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material is unconsolidated and is simply suspended in the water column. This also
indicates that it will take a lot more sediment to even make the existing sediment compact

enough to support terrestrial vegetation.

6.2.4. Total nitrogen
Nitrogen content was determined using the Total Kjeldahl Nitrogen
Determination - Colourimetric by FIA Analyzer method (Lavkulich, 1998). The method
involves the digestion of samples followed by analysis on a Lachat analyzer. Lachat

analysis is a colourimetric technique used to determine total nitrogen present.

6.2.5. Total carbon

Total carbon was determined using a LECO induction furnace and carbon
analyzer which involves the combustion of the sample, followed by reaction with KOH to

remove the CO; and give a reading of total carbon (Lavkulich, 1998).

6.2.6. Percent organic

Samples were dried at 125 for 24hrs. to remove all water. The samples were
weighed and were subsequently burned at 550 degrees C for five hours and then placed in
a digestor to cool and then re-weighed. The difference in masses, or loss on ignition,
gives the loss of organic material.

As more samples were burned than were analysed with the LECO machine it was
necessary to determine the amount of carbon for some of the samples based on the loss on
ignition (LOI) values. A regression analysis was performed in order to determine percent
carbon values from the LOI burns. Percent carbon values were plotted against percent
organic and a linear trend line was fitted to the plot. The R? value for this relationship is
equal to 0.988. We are therefore confident that values for percent carbon calculated using
the relationship are accurate. Figure 6-11 shows the relation and gives the best fit

equation for the plotted straight line.
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Figure 6-11 Linear trend for percent carbon vs. percent organic

6.2.7. Carbon to nitrogen rations
The issue of organic matter in Beaver Lake is important, as it has generally been
the deposition of organic matter that has been thought to be causing much of the

sedimentation in the lake. While measurement of total organic matter gives a good idea

of what is present, we were interested more specifically in the ration between total carbon

and total nitrogen. C/N ratios provide a good indication of what is going on in the
sediment in terms of mineralization or immobilization of organic matter. During
decomposition, C is lost as CO, while N remains so that during decomposition, the C/N
ratio of the sediment drops. With a high C/N ratio, most of the mineralized N is re-
:mmobilized into forms unavailable for assimilation by plants. When the C/N ratio is low
(i.e. high N concentration) decomposers will mineralize more N than is re-immobilized,
resulting in a lot of plant-available nitrogen (Ballard 1997). The C:N ratio in the
sediment in the sediment is dependent on the amount of structure found in the source
vegetation, for example tree trunks have a much higher C: N ratio than tree leaves. This
is because there is more carbon found in the strong cell walls of the wood. Aquatic

macrophytes often have even lower C:N ratio values than terrestrial leaves. If the primary

sediment source is terrestrial wood and leaves the C:N ratio found in the sediment will be

higher than that found if the primary source is aquatic macrophytes. For all of our
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vertical profiles the sample points are plotted as the depth of the mid point of the core

segment from which the sample was taken.
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Figure 6-12 Nitrogen, carbon, organic, and C:N ratio profiles

6.2.8. Mineral size fraction
In an effort to determine the source and composition of the mineral portion of the
sediment a sediment size analysis was performed. LOI was performed and then the
burned samples were sieved to 250 micrometers?, weighed, sieved to 125, weighed, and
the remaining sample was analyzed in a sedigraph machine. The sedigraph measures the
settling velocity of the particles by means of an x-ray tube and measures the

representative size fraction of particles as small as 1 micron.

Figure 8-4 and 8-5 show the plots of the cumulative percent finer than vs. particle
size for the two sample sites. These plots show the percentage of the sample which is

finer than a given size/diameter.
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Figure 6-14 AL4 and AH3 cumulative percent finer than

From the above figures we can see site A is noticeably finer than site B, we also

see that the top three samples from site B are coarser than the underlying sediments.

These samples are most definitely from the post industrial time period. The inorganic
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sediments at site B appear to have become finer with time in the pre-industrial period.
Why this would happen is not known. When we look at Table 6-3 we see that the size of
the material can have a major effect on the time it takes for particles to settle out. This
means the sediment becomes finer further away from the sediment sources because the
sediment is in the water for an increasingly long period of time. The finer sediment size
in core AL4 as compared to BL1 is likely due to this phenomenon. If the inorganic
sediment was added to the lake by wind transport we would not expect to see a gradation
in the sediment sizes across the lake. The observed trend indicates that the sediment is

likely coming in from the lake edge; however, we cannot determine if it is from Prospect

creek directly, or simply the lake margin.

Table 6-3 Settling velocities based on stokes law for silt particles

grain size 15 microns 10 microns 6 microns
settling velocity 0.00015m/s 0.000067 m/s 0.000024
time to settle (70cm) | 1.30 hours 2.90 hours 8.1 Hours

The median grain size for the top section of the BL1 core is 18.92 microns and for
the AL4 core the median size is 10.29 microns. When comparing these values with the
settling times in Table 6-3 we get reasonable mixing times for the lakes. Using these
settling times, the travel times for the water to reach sites A and B from the margin of the
lake are approximately three hours and one hour, respectively. These seem like

reasonable estimates, keeping in mind that the majority of the silt is transported into the

lake during heavy rainstorms.

6.2.9. Metals
In addition to analysing for the characteristics mentioned above, the
concentrations of a number of metals were measured. High metal concentrations are
indicative of industrial human activity and we have used the increases in metal
concentrations to estimate sedimentation rates. By correlating our data with data from
Burnaby Lake we were able to use changes in metal concentrations, specifically heavy

metal concentrations, to estimate sedimentation rates. Radiometric dating of the Burnaby
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Lake sample established correlations between concentrations of these metals in the

sediment and human activity (Hall ).

6.2.9.1.Sources of heavy metals

Metals, elements defined based on their binding affinities towards ligands and the
stability of these ion/ligand complexes, occur naturally in both the biosphere and the
geosphere. The term “heavy metal” is generally applied to those metals with a density
exceeding Sg/cm’. In present day watersheds natural sources of heavy metals are greatly
outweighed by anthropogenic sources. These anthropogenic sources include emissions
from three sources: point sources, area sources and mobile sources. Point sources are the
largest contributors to particulate pollution in the atmosphere. Emissions from metal
fabrication, petroleum refining, chemical manufacturing and municipal waste incineration
account for most of the point source emissions of heavy metals. Historically, space
heating was a major source contributor in the area. In the last 30 years however, we have
seen a shift to cleaner, more efficient space heating methods. Lastly, vehicle emissions
account for most of the mobile source heavy metal emissions and constitute a large
portion of the total heavy metals emitted in the Fraser Valley (Pott 1995).

In the Fraser Valley, a study using the moss Isothecium stoloniferum Brid. as a
bioindicator of atmospheric heavy metals found that, in general, concentrations of Pb, Cd,
Ni. Zn, and to an extent Cr and Mn, were generally high in areas of high industrial
activity, high population density, and high traffic volume (Pott, 1995). High levels also
existed in the North Shore mountains, probably a result of both a north-west directed
transport as well as high precipitation at high altitudes. In a comparison with data from
1960-66, 1975-80, and 1993, Pb, Cd, Cr, Ni, Zn showed a decrease, while Mn showed an
increase since the 1960s. Reasons for these changes are mainly attributed to changes in
anthropogenic activities such as changes in industrial activity, implementation of
pollution control devices, a switch to gas and electricity in space heating devices, and the
removal of lead from gasoline, coupled with the introduction of the new MMT (Mn)

additive (Pott 1995).
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6.2.9.2. Analysis for metals

Analyses were done for: Al Ca, Cd, Cr, Cu, Fe, Mg, Mn, Pb, Si, Zn, K, Na.
Samples were extracted for analysis using a procedure for total recoverable elements from
the Environmental Monitoring Systems Laboratory of the U.S. Environmental Protection
Agency (C.K. Smoley, 1992). Samples were then analyzed using ICP (Inductively
coupled plasma atomic emission spectrometry), a procedure in which the interaction of a
magnetic field with flowing ionized gas generates what is known as the ICP flame. The
ICP vaporizes, dissociates, atomizes and excites the sample. Photons are emitted in
energy transfer reactions and these promote atomic and ionic line spectra, which allow for

a reading of metal concentrations in ppm (Lavkulich, personal communications).

6.2.9.3. Metal profiles

The concentration of heavy metals is confounded by the presence of organic
material which fluctuates in amount throughout the core profile (Figure 6-12). Asa
result of this complication the metals have been re-plotted as metals normalized for
carbon to eliminate the effects of organic matter. Figure 6-15 and Figure 6-16 cleaner
than the non-normalized set of figures which are contained in the appendix. Both sets of
profiles have strong indications of industrialization with marked increases in the

concentration of almost all of the heavy metals.
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6.3. Discussion of sediments

The data and graphs normalized by percent carbon show more distinct trends than
those not normalized and are therefore referred to in the subsequent discussion. From the
graphs, we suspect the effects of the introduction of humans into the system. Pb, Cd, Zn,
Cr (elements associated with anthropogenic inputs of atmospheric heavy metals) all show
a marked increase at approximately the same depth.

Both BL1 and AL4 show an episodic increase in zinc concentration before the
trend strongly increases. This may be from a particular event before major changes in
metal concentrations are detected; this trend also shows up in a core from Burnaby lake
(McCallum and Hall 1998 ). The presence of the spike in both of our cores as well as in

the core from Burnaby lake indicates that there was likely an episodic event during which

zinc was released into the environment.

We see no decrease in any of our metal concentrations. However, there have been
emission reductions and pollution control over the last 30-40 years which should reduce
the levels of metals in the lake. Based on the experiences at Burnaby lake (McCallum
and Hall 1998) we expect the lead concentration to decrease in the recent sediments as
lead has been removed from gasoline.

We may not be able to detect the decreases for a number of reasons. First of all,
our samples were collected from 5-10 ¢cm lengths of core. This means the metal data
points are not on a small enough scale to be able to track decreases in concentration over
the length of the sample. Secondly, the sediment may be getting sufficiently mixed, by
the carp in the lake in particular, so that the metals do not appear to decrease in
concentration. A third possibility is that the metals are taking sufficiently long to make
their way through the forest soils and into the lake that the input of metals has not
noticeably decreased for Beaver Lake. This last point makes the determination of

sedimentation rates challenging as we are assuming the metals begin to arrive in the lake

when they are first introduced into the environment.
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6.3.1. Chemical availability

The chemical forms of metals influence their bioavailablility, stability, and
capacity for remobilization. Dissolved or weakly adsorbed metals may be available to
plants, while others bound in the structural lattices of secondary minerals will be
extremely stable and unavailable. In between, there lie many different forms which can
potentially become available depending on physio-chemical conditions. The main
sediment properties governing potential for remobilization include gradients of redox
conditions, pH, and ion and organic ligand concentrations. When sediments are
resuspended, the potential for release of metals exists and mobilization depends on both
how the metals are bound as well as acid production and acid neutralization capacity in
the process. In general metal availability becomes a concern when the metals are re-

suspended. Thus, re-suspension should be avoided (Munawar and Dave 1996).

6.3.2. Sedimentation rates in Beaver Lake

The most precise method of determining sedimentation rates in systems like
Beaver Lake is by using radiometric dating techniques. Hatfield Consultants (1984)
estimated a sedimentation rate of 1.36 cm/yr. based on a single core, and pollen analysis.
Based on a conversation with Rolf Matthews from SFU who did the pollen work on this
core this estimation of sedimentation rate is unreliable (personal communications, Rolf
Matthews). We concluded that the core taken by Hatfield consultants likely came from
the previously dredged’ portion of the lake. This would bias the sedimentation rate.
Hatfield consultants was advised by Dr. Matthews to obtain a radiometric date for the
core but did not do so. The radiometric date would be necessary to give a good
sedimentation rate based on Hatfield consultant’s core.

For our purposes a second sedimentation rate estimate was deemed to be
beneficial, and like Hatfield we do not have a radiometric date for our core.® However,

we have a higher degree of certainty with respect to our sedimentation rate than that

7 The lake is reported to have been dredged in 1929 and 105,505 m’ were removed (Steele 1985), this must
be a mist print because this is would require all of the glacial marine silt to be removed from the basin as
this volume is 4 times the current lake volume.
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which can be expected from the Hatfield Consultants core. The presence of the Mazama
ash at the bottom of both of our cores indicates that the sediment history is intact and that
the site was almost certainly not affected by the original dredge in 1929 (Stanley Park
Task Force 1992).

We were able to calculate sedimentation rates for both the period since the
Mazama ash deposit (6600yrs BP) and for the post industrialization period. When
calculating sedimentation rates it is best to represent the values on a weight basis as this
eliminates the problems resulting from variable densities in the sediment profile. Giving
only lengths is ambiguous as sediments, especially aquatic sediments, can have variable
densities and are compressed over time.

The sedimentation rates were calculated by a variety of means and all cover a
slightly different time span. All of the sedimentation rates have been calculated up to
present day since the date the particular signature metal shows up in the system. This
means that the Mazama ash sedimentation rate includes all of the sedimentation since
human impact in the basin. The Mazama ash was identified in both cores and forms our
only pre-industrial sedimentation rate.

The oldest recorded date associated with humans comes from the perceived
impact of selective logging in the 1860-1880°s (Beese 1989). This would be expected to
increase the inorganic sediment supply and increase some of the metal concentrations.
None of the increases observed in the core profiles can be directly attributed to the
logging. However, it is useful to tie this date to the first noticeable increase in the records
to construct a minimum sedimentation rate.

The profile of zinc in our cores provides the most reliable sedimentation rate for
the recent period of human involvement. As was mentioned earlier there is a spike in the
zinc concentration in both the Al4 and Bl1 cores. A similar spike shows up in the
Burnaby Lake core (McCallum and Hall, 1997). We believe these three spikes to
represent the same time period and have used the dates supplied by McCallum and Hall

(1997) to date these spikes. The sedimentation rates are shown in the table below.

¥ We still have samples which could be dated, cheap cesium dating is about $50.00 a sample, 3-4 samples
per core would likely give excellent results, contact one of us if interested.
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McCallum and Hall (1997) also examined lead, and from their profiles it is

possible to assign a date to the major increase in the lead concentration. We subsequently

assigned thi

OUur cores.

s date to a similar, major increase in the lead concentration in order to date

In both our results and McCallum and Hall (1997) a lag can be observed in the

onset of the increase in the copper concentrations. As the increase in the copp

er shows up

later in both lakes it may represent the same increase in the supply of copper to the

environment. Based on this we assigned the date of the copper increase detected in

Burnaby Lake to the increase in the concentration of copper in our results.

Table 6-8 Sedimentation rates for Beaver Lake

Method | Date Ald core | Ald core | Bll core | Bll core sediment input
(mm/yr.) (kg/mz/yr) (mm/yr.) (kg,fmz/yr) based on average
sedimentation rate
(kg/yr)
Mazama | 6600 Yrs. 0.072"% ]0..0075 0.095 0.016 448
ash’ BP
logging | 1860-80 | 3.3 0.33 1.7 0.34 12770
(1870)
Zinc 1928 5.6 0.52 3.1 0.62 21700
Lead 1940 6.7 0.63 33 0.68 25400
Copper | 1955 7.9 0.59 4.4 0.92 29300

Our results show
between site A and site B base
control in presenting sedimentation results and make

from Hatfield Consultants as their results are only available in terms of a dep

For the Ald core we

% This is not a true estimate of historical

even that from human influence.

' The apparent Mazama ash in the AlA4 core w
that of the BL1 core, for this reason the BLI cor

that there is no real difference in the sedimentation rates
d on a mass basis. This underscores the need for density

s our cores incomparable with those

th value.

find that the contemporary sedimentation rate (zinc) is 70 times that

sedimentation rates because it includes all sedimentation to present,

45 never examined in detail, and was much less obvious than
e is more accurate historical sedimentation rate.
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of the historical sedimentation rate; conversely, we find that the sedimentation rate at the
Bl1 core site is about 40 times the historical sedimentation rate. The pre-industrial record
is 85 % organic and 15 % inorganic sediments. This compares to the post-industrial
record of 40 % organic and 60 % inorganic. Obviously there has been a much larger
increase in the inorganic sedimentation rate than in the organic rate. Historically there
would have been about half a empirical ton per year of sediment added to the lake
compared to the contemporary situation were there is about 24 tons of sediment added to
the lake each year.

The sedimentation rate measured here is not only influenced by the rate of inputs,
organic and inorganic, but also by the rate of decomposition of organic material.
Consequently, the sedimentation rates may be affected by decomposition occurring in the
sediment and may not truly reflect the impacts of humans. At present there is likely
decomposition occurring below the depth at which industrialization shows up; this would
cause the sedimentation rate for the post Mazama Ash to appear to be smaller than was
the actual case as the continuing decomposition breaks down the remnants of past
sedimentation. As a result of this we can begin to appreciate how, unlike the inorganic
sediment, the amount of organic material deposited on the lake bottom may be much

larger than what is eventually left behind in the sediment.

6.3.3. How long will it take to fill in the lake?

There is no precise answer to the question of how long will it take to fill in the
lake, or how much shoreline will be lost per year. In addition to knowing what the
relevant sedimentation rate is there is the question of the density of the sediment when the
lake is filled in. For our purposes we will choose a density of 850 kg/m’ which might
correspond to an organic soil capable of being stood upon and holding upstanding trees.
We will assume the lake currently has a 1 meter thick layer of silty organics with a
density of 120 kgﬁmE ,which is what our data supports, and the lake holds 17,160 m® of
water when the water level is equal to the weir level (Stewart, 1997). Given this we can
conclude we need 42,917,300 kg of sediment to fill the lake (using a lake area of 3.881

Ha). Using the contemporary sedimentation rate based on zinc, it will take about 2000

years to completely fill the lake.
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A more important question may be how quickly the waterline progresses inward.
A rough estimate based on the zinc sedimentation rate would see the lake edge move 8
cm per year. In looking at these figures it should be kept in mind that these are rough
calculations assuming things stay constant and contain some generalizations about the
geometry of the lake. It is also useful to note that if the supply of inorganic sediment is
controlled it would be possible to cut the rate of lake edge advancement in half and
double the life span of the lake. These figures should be used as a guide line, and are for
a density of 850 kg/m’ which may be much higher than the actual density of sediment
when a lake no longer appears to exist. If a more reasonable density can be determined

for peat- filled lakes different filling times apply.

6.3.4. Sources of sediment

In the case of Beaver Lake the inorganic and organic sediments have drastically
different sources. In the present day the organic sediment is likely almost completely
derived from the die off of aquatic plants. Some logs and branches were detected both on
the surface of the sediment and at depth while taking the cores. The proportion of
terrestrial vegetation to aquatic vegetation was not determined, but it is likely aquatic
plants dominated. The shift of the C:N ratio in the BL1 core from 50 to about 30
indicates that the supply of organic sediment may have shifted in the Holocene. The
older, higher C:N ratio is more likely to be associated with a lake basin dominated by
terrestrial vegetation. The shift to aquatic sediments appears to have occurred prior to
human involvement in the basin. The shift likely occurred when seeds from aquatic
plants became introduced into the lake by air or animal transport.

The inorganic sediments have greatly increased since the onset of industrialization
and are likely coming from the lake margin areas rather than air transport. The actual
source of the sediment is still a bit of a mystery and may merit further investigation. A
few likely sources exist. The trails throughout the park are a very likely source of the silt;
water frequently washes on top of the trails and is capable of transporting the silts to
creeks and the lake margin. Brian Quin (personal communications) estimates that the
trails crew puts on about 4-5 m® of trail gravel per vear, to replace the gravel eroded

away. A second probable source is the causeway running through the park; vehicles add
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large quantities of sand and silt to the roadways, and this material is then easily

transported into the basin by rain water. Once the silt is suspended in flowing water it

can be transported to the lake where it settles out. A final possible source of inorganic

sediment is erosion of the banks of Prospect creek; however, there is limited evidence for

g

this along the channel and this is likely a relatively insignificant source of silt. The
inorganic sedimentation of the lake is 1argei§* a direct consequence of human activity
within the basin and provides the greatest opportunity to slow down the in-filling of

Beaver Lake.
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